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IINTRODUCTION

Schematic repre
epresentation of Langmuir-Blodgett film formation
Artwork: Rama Shanmugam
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Chapter 1
INTRODUCTION
1.1 General
Cooperativity among transition metals and the organic amphiphilic scaffolds
merge distinct geometric, redox, electronic, and magnetic properties with unique ordering
morphologies. Such molecules that exhibit the combination of the properties of both the
metals and the amphiphiles are called metallosurfactants. As a class, these
metallosurfactants are at the forefront of modern coordination chemistry due to their
recent advances that point to potential applications towards molecular electronics, 1
biosensing,2 optoelectonics,3 and responsive films.4 Molecular assemblies of defined
organizations can be tailored using several techniques such as spin-coating, layer-bylayer deposition, and self-assemblies, but the Langmuir-Blodgett (LB) technique is
considered one of the most straightforward and elegant means of offering the possibility
to prepare functional ultrathin films.5,6 This technique offers a controlled thickness at the
molecular size with a well defined molecular orientation. Langmuir monolayers at the
air/water interface have been successfully used not only as a model for fabricating
molecular devices,7 but also as a powerful means for the understanding of biological
membranes.8 However, careful designing and fabrication of well ordered and anisotropic
supramolecular architectures of functional metal-containing amphiphiles with bistable
switching ability is a great challenge for achieving thin films using Langmuir-Blodgett
technique.9
This dissertation includes research projects that were carried out as an effort to
address some of the issues in balancing the film forming properties with the metal-based
characters in the metallosurfactants. It developed into four major projects which include
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(i) the redox and amphiphilic properties of binuclear copper-containing amphiphiles with
azido- and thiocyanato-bridges, (ii) effect of varying coligands on the redox and
amphiphilic properties of copper amphiphiles with bidentate ligands, (iii) synthesis and
characterization of iron, cobalt, and ruthenium based amphiphiles and their monolayer
forming properties, (iv) the effect of varying substituents in the phenolate-based copper
and nickel-containing amphiphiles on the redox and film forming properties, and (v) the
surface properties of various bimetallic and tetrametallic copper-, ruthenium-, and
tetrametallic iron-containing discoidal amphiphiles. All of these research projects pave
the way for the future research in the group. These projects begin with the synthesis of
various metalloamphiphiles and their characterization using several techniques such as
infrared, UV-visible, and EPR spectroscopy, mass spectrometry, X-ray crystallography,
and elemental analysis. The film forming properties of these metalloamphiphiles were
investigated by Langmuir-Blodgett compression isotherm, Brewster angle microscopy,
contact angle measurements, atomic force microscopy, and infrared reflectance
absorbance spectroscopy. The redox activity of these metal-containing amphiphiles was
studied by means of cyclic voltammetry.
Each chapter in this dissertation illustrates all of the research work accomplished
during the past five years. This introduction chapter encompasses a brief overview on
metallosurfactants along with the goals and objectives of the work.
1.2 Metallosurfactants
Surfactants are referred to as “schizophrenic molecules” 10 because of their
amphiphilic nature. These are unique species that contain a hydrophobic part, which is
called “the non-polar tail” and a hydrophilic part, which is called “the polar head”. The
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hydrophobic part is usually long chains of hydrocarbons, or alkyl ether, or fluorocarbon,
or siloxane, whereas the headgroup is a highly polar water soluble moiety that can carry a
charge. Surfactants are accordingly classified as non-ionic or ionic. The contrast between
these characteristics leads to detergent, dispersant, emulsifying, and foaming properties
thereby leading to several applications such as cosmetics, drug and drug-delivery
vehicles, concrete curing, and automotive lubrication.11 The most important
characteristics of these surfactants that draw attention of surface chemists are the
formation of monolayers at the air/water interface and micelles at well-defined
concentrations referred to as the “critical micellar concentrations”.
Interests in conventional surfactants are solely due to their amphiphilic nature.
These amphiphiles do not exhibit chemical reactivity.10 In order to make them chemically
responsive and hence potentially useful; transition metals are incorporated in their
structure as an integral component. This chemical reactivity along with amphiphilic
property is significant in achieving materials with tunable and controllable properties.
Advancement in such materials are crucial for successful applications toward molecular
electronics,1 opto-electronics,4 and hierarchical materials.12 Other applications that
capture

attraction

towards

metallosurfactants

dendrimers,14,15 and mesogens,16,

17

include

metallopolymers, 13

and

Several efforts has been made towards the

development of metal-containing amphiphiles in the recent times. Yam et al. have
reported various mono- and bidentate amphiphilic ligands that were mainly used to
synthesize platinum, ruthenium and rhenium containing surfactants.18 They performed
film forming studies on these complex amphiphiles by compression isotherm and have
evidenced the formation of stable monolayers with high collapse pressures. Likewise,
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Griffiths and coworkers have established significant studies on metallosurfactants that
exhibit useful micellar characters.19 Bowers, et al.,20 Jaeger and Bohle et al.,21 and De
Cola et al22 has reported several works on the metallosurfactants. Bowers and coworkers
have presented studies on the surface and aggregation behavior of [Ru(bipy) 2(bipy′)]Cl2
complexes (Figure 1.1). They have exploited small angle neutron scattering to determine
the shape of micelles.20(a) It has been shown that the micelles transform from an oblated
ellipsoid structure to an approximately spherical structure as the chain length increase
from 12 to 19. Neutron reflectometry studies on the adsorbed films of similar complexes
indicate that for shorter chain lengths, the surfactant adsorption conforms to reasonable
expectations and for longer-chain molecules, a strong time dependence of adsorption has
been highlighted.20(b) Furthermore, these studies also shows that the adsorption of the
single chain Ru-based surfactants is strongly time-dependent and that of the double-chain
surfactant is weak and independent of time. This behavior is attributed to the orientation
of the alkyl chains.20(c) It has also been shown that the chain number determines the
aggregate size.20(d)

Figure 1.1. Structure of the Ru(II) surfactant molecules
Bohle and coworkers have reported on the structure and the stereochemistry of
double-chain surfactant Co(III) complexes (Figure 1.2). These studies show that cisoid is
preferred over the transoid isomer in water which is attributed to the hydrophobic effect. 21
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Figure 1.2. Structure of double chain Co(III) surfactants
De Cola and coworkers have also reported on the emission properties of certain
ruthenium and iridium-based surfactants. The film forming properties of these amphiphilic
complexes have been investigated by surface pressure–molecular area (Π–A) isotherms and
Brewster angle microscopy. The ruthenium complexes were shown to form monolayer
films at the air/water interface, which was transferred to solid substrates using the
Langmuir–Blodgett (LB) technique. The LB films were characterized by confocal laser
scanning microscopy measurements and the results displayed a homogeneous red emission
upon photoexcitation. These results were targeted towards the fabrication of mono- or fewmolecular-layer electroluminescent devices.22(a) In another study, it has been shown that
ruthenium metallosurfactant forms micelles that show efficient electronic energy-transfer
processes in the presence of an analogous iridium complex.22(b) Therein, they have
highlighted the self aggregation and the electron transfer processes between two different
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metallosurfactants both containing dialkylbipyridine, with 17 methylene units, as
hydrophobic part of the structure.
In addition, there are several important surfactants with multi-hydrophobic chains
published by Feiters et al.23 and Eiser and Elsevier et al.24 Feiters and coworkers have
reported on the synthesis and the aggregation behavior of the complexes [FeL2 (CN)2] (L =
4, 4׳-dipentyl-2, 2׳-bipyridine; 4, 4׳-diheptyl-2, 2׳-bipyridine; 4-heptyl-4׳-methyl - 2, 2׳bipyridine; 4, 4 ׳-dinonyl-2, 2׳-bipyridine; 4, 4 ׳-bis(tridecyl)-2, 2 ׳-bipyridine (Figure 1.3).23
The results show that the morphology of the aggregates strongly depends on the length of
the alkyl chains in the bipyridine ligands, with shorter alkyl chains forming rod-like
structures, whereas for compounds with longer alkyl chains, only spherical structures were
detected.

Figure 1.3. [FeL2(CN)2] amphiphile
Likewise, Eiser and coworkers have reported on the first inverted aggregates
formed using metallosurfactants.24 These metallosurfactants possess four long linear tails
that account for the shielding of the polar head group in apolar solvents (Figure 1.4).
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Figure 1.4. [Ru(bipy)(4, 4׳-diheptadecyl-2, 2׳-bipyridine)2]Cl2. Right: Ideal architecture of
a surfactant capable of aggregating into an inverted micelle. Hydrophobic moieties are
depicted in blue and hydrophilic in red
Another work published by Brooker and coworkers in Dalton Transactions 25
reveals the synthesis of some magnetically interesting amphiphilic iron(II) and cobalt(II)
complexes of the non-amphiphilic triazole-containing ligands (Figure 1.5). In this study,
the amphiphilicity is achieved by the introduction of a long chain sulfonate anion. These
studies reveal that two high spin complexes were present in the solid state and in solution,
the cobalt complexes remain in this form while in case of the iron complexes, equilibrium
exist between the neutral high spin form and the dicationic low spin form. These studies
were performed as a first step towards amphiphilic spin crossover systems.
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Figure 1.5. Triazole-containing non-amphiphilic ligands
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Haga et al.,26 have contributed significantly towards the synthesis of novel
amphiphilc ligands and their respective metallosurfactants. They have synthesized
ruthenium and platinum containing 2, 6-bis(1-octadecylbinzimidazol-2-yl)pyridine (L18)
ligand (Figure 1.6). The 2, 6-bis(1-octadecylbinzimidazol-2-yl)pyridine (L18) containing
Pt(II) complex is surface-active, and the surface pressure – area isotherm reveals three
phase transitions. The three phases correspond to one liquid-expanding phase and two
solid-condensed phases, respectively, with different intermolecular overlap in the “flat-on”
orientation at the air/water interface. Without additives such as fatty acids, the complex
forms a stable and reproducible LB multilayer film above a surface pressure of 15 mN/m.
The ruthenium complex at the air/water interface exhibits a molecular aggregation, which
is strongly affected by the solution pH or metal coordination. Surface pressure – area
isotherm show a smaller molecular area at lower pH.

Figure 1.6. Molecular structures of the L18 ligand and its platinum and
ruthenium complex
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Our group has also been extensively involved in designing and studying the
properties of several novel transition metal-containing amphiphiles with magnetic, redox,
and photo activity. The copper-containing soft materials reported by our group in 2008 27
showed not only interesting features in the surface pressure – area isotherm but also in the
Brewster angle microscopy. Therein, we showed the synthesis of a series of single-tailed
amphiphiles LPYCn, (Py = pyridine, Cn = C18, C16, C14, C10) and their copper complexes,
which are of relevance for patterned films (Figure 1.7). The morphology and order of the
resulting films at the air/water interface were studied by isothermal compression and
Brewster angle microscopy. These results illustrate the first comprehensive study of the
behavior of single-tail metallosurfactants, which are likely to lead to high-end
technological applications based in their patterned films.

Figure 1.7. Single-tailed copper amphiphiles
In addition, we have characterized amphilphiles of this type by surface-selective
vibrational sum frequency generation (SFG) spectroscopy to study their molecular
organization.28 The study shows that coordination of copper(II) ions to the chelating head
group of the amphiphilic ligand improves the molecular arrangement and reduces the
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gauche defects of the alkyl chains. The examinations suggest that the interaction of the
metal with the ligand induce molecular order in LB monolayer films.
We have also exploited a series of amphiphilic ligands with phenolate-based
hydrophilic moiety. We have studied the behavior of these complexes at the air/water
interfaces by means of compression isotherms and Brewster angle microscopy. In the
article published in 2007,29 we reported on tetrametallic copper amphiphiles with N 2O
donor sets and acetate and benzoate as coligands (Figure 1.8). Studies show that these
amphiphiles exhibit moderate collapse pressures at the air/water interface with excellent
film homogeneity on transferring them to solid substrates. Additionally, these amphiphiles
show antiferromagnetic interactions with the super exchange mechanisms relying greatly
on the Cu-oxo-Cu pathway. This study led us an effort to develop amphiphilic metalclusters capable of forming Langmuir and Langmuir-Blodgett monolayers.

Figure 1.8. Tetrametallic copper amphiphiles with acetate and benzoate coligands
In the same year, we reported on a series of cobalt amphiphiles with NN′O type
ligands with varying substituents on the phenolate moiety and on the alkyl chains (Figure
1.9).30
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Figure 1.9. Cobalt amphiphiles with NN′O tridentate ligands
The investigation on these amphiphiles concludes that the nature of the substituents
in the phenol ring stabilizes the bivalent cation yet compromising the reversibility of the
phenoxyl radical produced upon ligand oxidation. These studies provide an insight on
nature of molecular arrangement based on the nature of collapse. The studies on Copper,
nickel, and zinc complexes of similar amphiphilic ligand reported in the European Journal
of Inorganic Chemistry in 200931elucidate the protonation preferences of the ligands which
plays an important role in the fabrication of responsive films.
As another advancement on the phenolate-based amphiphiles, we published a series
of copper amphiphiles with bidentate N,O type binding cores (Figure 1.10).32 This work
attempted to attain a good balance between redox activity, increased core flexibility, and
amphiphilicity by incorporating alkoxy chains. The core flexibility has improved Langmuir
film formation with a higher formal collapse and excellent cyclability of the ligand
process.
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Figure 1.10. Complexes and their tert-butyl substituted ligands
Furthermore,

our

group

is

spearheading

the

study

of

various

novel

metalloamphiphiles as a step forward and some of these novel amphiphilic complexes will
be discussed in detail in the following chapters.
1.3 Thesis Statement
As mentioned in the Introduction, properties of organic amphiphiles combined
with those of the transition metals impose significant redox, geometric, optical, photo,
and magnetic properties in new molecular architectures with tunable and ordered
morphologies.33 However, the knowledge of metal-ligand interactions in such molecular
organizations and film topologies is still limited. The major goals of this research
dissertation involve the development of new topologies for metallosurfactants with redox
and photo responsive properties.
Herein, we will discuss strategies for the synthesis, redox properties, and
Langmuir-Blodgett film formation studies of various 3d- and 4d- metalloamphiphiles
containing both inactive and electro-active ligand systems. We grouped these studies on
the number of hydrophobic tails present in the complex, as well as the nature of the
hydrophilic headgroups. In this work, we will use inexpensive, earth abundant, and
environmentally sustainable transition metals as part of the hydrophilic cores for the
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development of new metallosurfactants. This dissertation can be categorized into two
parts based on the amphiphilic ligands used for study: (i) metal-containing amphiphiles
with pyridine-based electro-inactive ligands, and (ii) those with phenolate-based ligands
where the electro-activity is extended to the phenolate/phenoxyl couple.
The first half of the dissertation projects, namely from Chapters 3 to 6,
encompasses the use of a pyridine-based ligand with redox activity supported exclusively
by the metal ion. Chapter 3 is based on the previously established single-tailed copperbased amphiphiles which showed changes in the redox behavior, as well as in the domain
topology, with monolayer stability being maintained. Coligands with various
monodentate and chelating modes are expected to influence redox response and film
patterning. In this chapter, the influence of coligands on the redox and the film formation
is discussed. The knowledge gained from this study is applied to understand the redox
and film forming behavior in binuclear copper-containing amphiphiles with bridging
coligands such as azide and thiocyanate. This study is discussed in the Chapter 4. The
stability of these compounds upon transfer to solid substrates was also evaluated by
infrared reflectance absorbance spectroscopy studies. We aimed at the use of bridged
[Cu2] cores as a way to expand the number of redox centers present in the amphiphilic
complexes. We then extended the study on redox and film forming abilities by
incorporating

metal

centers

that

favor

octahedral

geometry.

This

led

to

metalloamphiphiles with three hydrophobic chains, as discussed in Chapter 5. The
description of the surface properties of single-tailed photo-active ruthenium complexes is
discussed in Chapter 6.
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In the second half of the dissertation, namely from Chapters 7 to 9, phenolatebased amphiphilic ligands were targeted as an attempt to gain redox activity of both the
ligand and the metal. The presence of tert-butyl groups is known to stabilize the
phenolate/phenoxyl-based processes in these systems. But from our previous works, 32 we
observed that these tert-butyl groups together with the hydrophobic alkyl chain reduce
the film forming ability. We envisioned the improvement of amphiphilic properties while
preserving the redox activity by varying the substituents on the phenolate ring. In Chapter
7, we discuss in detail the development of various double-tailed copper- and nickelcotaining amphiphiles with phenolate-based ligands. Additionally, Chapter 8 portrays the
effect of ionic salts, temperature, and compression rates on the film forming ability of
various bimetallic and tetrametallic copper-based amphiphiles. In Chapter 9, we extended
the use of tert-butyl groups towards enhanced amphiphilicity. We believed that the
presence of many tert-butyl groups in the multimetallic complexes is sufficient to
compensate for the hydrophobic component of an amphiphile to form stable films. This
amphiphilic complex has a novel discoid topology on film formation. Finally, in Chapter
10, we offer a general discussion on the findings of this dissertation.
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Chapter 2
MATERIALS, METHODS, AND INSTRUMENTATION
2.1 Materials
The materials presented in this dissertation were synthesized using various singleand multi-step processes. Ligands used for the synthesis of the complexes were obtained
using suitable organic reaction procedures. The reaction precursors were purchased from
various commercial sources. Solvents such as methanol, dichloromethane, acetonitrile,
chloroform, acetone, and isopropanol were purchased from various commercial sources.
All other chemicals were used as received from commercial sources, unless otherwise
noted.
2.2 Methods and Instrumentation
This research involves the use of several methods and techniques for the
characterization of the ligands and complexes. The ligands were characterized using
infrared, NMR, ESI mass analysis, and melting point. The structural analysis of the
complexes was performed by infrared, mass analysis (MS), elemental analysis (EA),
melting point, and x-ray crystallography methods. The properties of the complexes were
studied using UV-visible spectroscopy (UV-vis), cyclic voltammetry (CV), electron
paramagnetic resonance spectroscopy (EPR), Langmuir-Blodgett using a KSV 2000
minitrough (LB), Brewster angle microscopy (BAM), and infrared reflectance absorbance
spectroscopy (IRRAS). A brief discussion on some of the mainstream techniques and a
detailed discussion on cyclic voltammetry, Langmuir-Blogett, Brewster angle microscopy,
and infrared reflectance absorbance spectroscopy techniques are shown in the following
sections.
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2.2.1 Infrared Spectroscopy
Infrared spectroscopy is an excellent characterization tool used to identify various
functional groups present in the compounds. This technique uses the fact that molecules
absorb infrared radiation and converts them into energy of molecular vibration. When this
energy matches with the radiant energy, absorption occurs. 1 This absorption is represented
as numerous bands in the spectrum, which are called absorption bands. The infrared
spectral data for this research is obtained using KBr pellets on a Tensor 27 FTIRSpectrophotometer from Bruker. The measurements were carried out in the mid-infrared
region ranging from 4000 to 400 cm-1.2 The samples were prepared as pellets with oven
dried KBr using a dye and a hand press and the data were collected using Optics User
Software (OPUS) version 5.0/6.5. The infrared spectrum is obtained as a plot of %
transmission vs. wavenumber.
2.2.2 Mass Spectrometry
Mass spectrometry is another important characterization tool used on a routine
basis for the determination of the elemental composition of the compounds by means of
the mass-to-charge ratio of the parent ion. This technique works on a principle of ionizing
the compound molecules to generate charged species or molecular fragments, which will
result in the spectra of the relative intensity vs. their mass-to-charge ratio.4 In this work,
ionization is mainly carried out by electrospray (ESI) in the positive mode and all the
isotopic distribution patterns of the compounds were simulated using the theoretical
distribution patterns. The compounds were prepared by dissolving in protic solvents,
mainly methanol. All spectra were measured using Micromass Quattro LC Triple
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Quadrupole mass spectrometer with an electrospray/APCI source and Waters Alliance
2695 LC autosampler and photodiode array UV detector.
2.2.3 Elemental Analysis
Elemental analysis or otherwise called CHNX analysis is a major tool used in the
determination of the mass fractions of carbon, hydrogen, nitrogen, and other heteroatoms
such as halogens and chalcogens. This is one of principle analyzing techniques used in our
lab for the structural determination of the complexes and hence ascertains their purity. The
analysis is carried out by combustion of a known amount of the sample in the presence of
excess of oxygen producing carbon dioxide, water, and nitric oxide which are trapped at
various stages. The amount of the product formed in each case determines the percentage
composition of the sample.5 For this work, all compounds were dried under a heatedvacuum dryer for 24 hours prior to analysis. All samples were sent to Midwest Microlabs,
Indianapolis, Indiana for analysis using the Exeter CHN analyzer.
2.2.4 X-ray Single Crystal Analysis
X-ray crystallography is another experimental technique used to resolve structural
patterns of many compounds. This technique also provides an insight on the bond
lengths, bond angles, coordination modes and the chirality of coordination complexes.
The X-ray crystallography technique is based on the Bragg’s law of diffraction (Figure
2.1) which can be explained using the equation,
nλ = 2d sin θ…………………………….. Eq. 2.1
where ‘d’ is the spacing of the parallel planes, ‘θ’ is the scattering angle, and ‘λ’ is the
wavelength.6
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Figure 2.1. Illustration of the Bragg’s law of Diffraction
The experiment is carried out by mounting an X-ray quality single crystal on a
device called a goniometer7 and irradiating it with a monochromatic X-ray beam. The
beam then gets scattered into a pattern of spots whose relative intensity provide
information regarding the arrangement of atoms in the crystal. The main limitation of this
technique for this research is obtaining high quality crystals able to diffract. The crystal
should be sufficiently large (typically larger than 0.1 mm in all dimensions), pure, and
regular with no significant structural imperfections such as cracking or twining. All the
crystal structure data were generated using a Bruker X8 APEX-II kappa geometry
diffractometer with Mo radiation and using graphite monochromator. APEX-II8 and
SHELX-979 softwares were used for the data collection and refinement of the models.
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2.2.5 Electron Paramagnetic Resonance Spectroscopy
Electron paramagnetic resonance (EPR) is the principal technique for studying
chemical species with one or more unpaired electrons, such as organic and inorganic free
radicals or inorganic complexes possessing a transition metal ion. The basic concepts of
EPR are similar to those of NMR, but electron spins are excited instead of atomic nuclei
spin. In this technique, the energy source used is the microwave radiation. When the
paramagnetic compound of interest is placed in an external magnetic field, the radiation
is absorbed by an unpaired electron resulting in the change in electron spin.10 The result
is measured and recorded in a detector. In this dissertation research, the first derivative XBand EPR spectra of some compounds were performed with a Bruker ESP 300
spectrometer at 115 K using liquid nitrogen as the coolant.
2.2.6 UV-visible Spectroscopy
The UV-visible spectroscopy is another crucial analytical tool used on a regular
basis in our lab for analyzing the characteristics of the transition metal complexes. This
technique is used for both qualitative and quantitative analysis of the compounds of
interest. The wavelength at the absorption maxima furnishes information about the
structure of the molecule and the intensity of absorption is proportional to the
concentration of the absorbing species. Quantitative measurements are based on the
Lambert-Beer law which is described as follows:
A = ε·c·l…………………………….. Eq. 2.2
where A = absorbance (arbitrary unit), ε = molar absorptivity (M-1cm-1 ), c =
concentration of the compound in solution (M), and l = path length (cm).11 The UV
region examined is normally 200-400 nm while the visible region spans 400-800 nm. In
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this research, the UV-visible spectra of all the compounds were performed using a Cary
50 spectrophotometer in the range 250-1000 nm.
2.2.7 Cyclic Voltammetry
The cyclic voltammetry is the most effective and versatile diagnostic tool for
studying the electrochemical properties such as redox behavior of a molecule,
mechanistic understanding of reactions etc.

This study allows the study of

oxidation/reduction processes occurring at the surface of the electrode and the molecules
at the vicinity of the electrodes. The experiment is carried out using a cell that allows
purging of the solution with N2/Ar, an electrolyte salt such as tetra-butyl ammonium
hexafluorophosphate (TBAPF6) and tetra-butyl ammonium perchlorate (TBAClO 4) and
three electrodes: (i) a carbon/platinum working electrode, (ii) a platinum wire supporting
electrode, and (iii) a Ag/AgCl reference electrode. Characteristic voltammograms are
usually obtained as a plot with current in the Y-axis and the potential calculated against
ferrocene (internal standard)12 in the X-axis as shown in Figure 2.2.
The peak position Ep is associated to the formal potential of the redox process.
For a reversible couple, this potential is centered between Epa and Epc, which is obtained
by taking the average of the two potentials which is represented as E1/2. Three conditions
are to be met for a redox process to be reversible: (i) peak separation, ΔE = │Epa-Epc│ =
57 mV at all scan rates at room temperature, (ii) the peak current ratio, i pc/ipa = 1.0
independent of scan rates, and (iii) the half-peak potential, Ep/2 = E1/2 ± 0.029 V at all scan
rates.13 Also, the relationship between concentration and potential difference can be
predicted by Nernst equation for the equilibrium,
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…………………………….. Eq. 2.3
where ‘E’ is the applied potential difference and ‘E°’ is the standard electrode potential
and ‘n’ is the number of electrons.

B Epc

ipc
C

A
ipa

D Epa

Potential (mV) vs. Ferrocene
Figure 2.2. Cyclic voltammogram
2.2.8 Langmuir-Blodgett Isothermal Compression and Deposition
Langmuir-Blodgett (LB) is one of the first and extensively used techniques used
to construct ordered molecular assemblies. Langmuir films are composed of layers of
molecular thickness made of insoluble films on the surface of a liquid, mostly water

31
although mercury14 and glycerol15 have also been used. These liquids provide an ideally
smooth and uncorrugated substrate for the film formation by molecules called
amphiphiles. The amphiphiles essentially consist of two parts, hydrophilic (polar head)
which can interact with water and hydrophobic (apolar tail) which is non-interacting. 16
The LB setup (Figure 2.3) is provided with a trough which is filled with subphase
solution together with two electrically driven barriers. The barriers can be moved back
and forth over the surface of the subphase thereby varying the surface area available to
the monolayer.
Motor with gear box
Control Device

Solid substrate
Surface pressure balance
Barrier

Trough with subphase solution

Motor

Figure 2.3. Schematic representation of the Langmuir-Blodgett minitrough
The experiment is done by dissolving the compound of interest in a highlyvolatile solvent like chloroform or n-hexane prior to the deposition. It is important to note
that the compound of interest must be unreactive and insoluble at the subphase. The
change in the surface pressure is measured by suspending a paper plate (also called
‘Wilhemy’ plate) from a sensitive balance into the monolayer. 17 To begin the experiment,
a known amount of the solution (10 to 50 μL) of concentration of about 1 mg/mL is
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carefully deposited drop-by-drop, at random intervals across the subphase surface. As
the solvent evaporates, the molecule spread consistently on the subphase surface. After
the solvent evaporates, the monolayer is compressed at a rate of 5 or 10 mm/min. As it is
compressed, the monolayer moves through several different phases analogous to threedimensional gas, liquid, and solid states which are shown as the surface pressure vs. mean
molecular area isotherm in the Figure 2.4.18

Figure 2.4. Surface pressure (Π) versus molecular area (A) isotherm
As the area per molecule decreases, the monolayer proceeds from a liquidexpanded (LE) to a liquid-condensed (LC) phase. After a maximum pressure is reached,
the monolayer becomes very unstable and collapse. This collapse pressure is observed as
a constant pressure or constant area in the isotherm.A stable monolayer is known to be
formed at the steepest portion of the isotherm. At this point, dipping process is carried out
to transfer the monolayer to the solid substrate via either the hydrophobic interactions
between the alkyl chains and the substrate surface or the hydrophilic interactions with the
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substrate and the polar head group as shown in Figure 2.5.19 The film can be transferred
to a hydrophilic substrate as the substrate is drawn upward through the subphase which is
known as the Z-type deposition or by an X-type transfer which occurs during down
stroke dipping and a Y-type deposition where the deposition proceeds in a head to head
or tail to tail pattern. Among all these techniques, the Z-type is the most common. 20
If the tail is hydrophobic enough, the material is insoluble and the molecules on
the surface of the water can be transferred to solid supports such as glass, 21 quartz,22
aluminum,23 and tin,24 all in their oxide forms (e.g., Al2O3/Al). However, silicon wafer is
one of the commonly used substrate today. Gold substrates are being preferred for the LB
films due to their oxide-free nature. They also serve as excellent reference material in
FTIR spectroscopy. In addition to these, gallium arsenide (GaAs)25 and cadmium
telluride (CdTe)26 wafers can also be used as LB substrates after making them
hydrophilic either by sonication for five minutes in 5% HF solution, or treatment with
bromine-methanol or piranha solution.26 Freshly cleaved mica is another widely used
substrate for LB films.27 The thickness of the film can be controlled by changing the
number of dip schemes.

Figure 2.5. Deposition scheme and Langmuir-Blodgett monolayer
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Since cleanliness is the keyword in surface chemistry, an enormous deal of
attention to the experimental procedures is needed for a successful monolayer and LB
film formation. Even the finest contaminant will interfere with the experiment. Therefore,
the work should be carried out in a trough enclosure to reduce particulate contamination.
Adequate cleaning of the surface by sweeping with a clean glass pipette about the surface
before monolayer dispersion is an important part of obtaining high quality LB layers.
2.2.9 Brewster Angle Microscopy
The Brewster angle microscopy is a technique that is carried out simultaneously
with the LB experiment to visualize various changes occurring on the surface of the
subphase. This technique uses the principle of zero-reflectance of the air/water interface
for a vertically polarized light at an angle of incidence called the Brewster angle (Figure
2.6).19 The Brewster angle depends on the refractive indices of the materials in the system
as it satisfies the relation, tanθ = nsubphase/nair (‘n’ – refractive index). The Brewster angles
for the air/water, air/glass and air/diamond interfaces are 53°, 57° and 67.5° respectively.
A Brewster angle microscope is comprised of a light source (He/Ne laser, 10mW at
633nm), a set of one or two polarizing filters of which the first is responsible for the
polarization of the beam prior to its reflection and the second is for the analysis of the
polarization state of the reflected part of the beam and a light detector (a CCD camera). 28
When a condensed phase of a monolayer with different refractive index is spread on the
interface of interest, some change in reflectivity will occur. The reflected light can then
be used to form a high contrast image of the layer. However, if the water surface is
illuminated with pure vertically linearly polarized light at the Brewster angle before
spreading the monolayer at the air/water interface, there is no reflection from the water
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surface, hence making the background completely dark. After spreading of the monolayer
and compressing it, even the tiny effect of the monolayer can be visualized.

Figure 2.6. BAM setup and Brewster angle diagram
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2.2.10 Infrared Reflectance Absorbance Spectroscopy
Infrared reflection absorption spectroscopy (IRRAS) or otherwise called the
reflection-absorption infrared spectroscopy (RAIRS) is a well known analytical technique
best suited to characterize Langmuir-Blodgett monolayers and self-assembled
monolayers on metals or on dielectric materials.29 High sensitivity is a key feature to be
achieved in order to obtain information using this technique and sensitivity of this
method is remarkably improved by employing the polarization modulation technique
(PM), hence also called PM-IRRAS. This technique thereby is advantageous over the
conventional IRRAS due to the fact that the atmospheric interferences such as water
vapor and carbon dioxide in the data collection are fairly eliminated. The IRRAS depends
on the optical constants of the thin film and substrate, the angle of incidence, as well as
the polarization of the incident infrared radiation. A photo-elastic modulator generates
alternating linear states of polarized light. The infrared beam can therefore be resolved
into p- and s- polarized components. If the polarization plane is parallel to the plane of
incidence, the radiation is called p-polarized and if it is perpendicular to the plane of
incidence, the beam is called s-polarized. Figure 2.7 shows the incident and reflected
electric vectors of the so-called p and s components of radiation. The PM-IRRAS
technique is capable of absorption of both p- and s-polarized light at large angles of
incidence and the reflectivities of both the polarizations Rp and Rs are detected. When an
infrared beam is reflected off a substrate surface in the presence of gas phase and surface
species, the reflectivity R s provide information only on the gas phase due to the lack of
surface electric field of the s-component, whereas the reflectivity due to p-polarization Rp
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provides information of both the gas phase and surface species. The difference between
these two reflectivities (ΔR =Rp-Rs) yield information about the surface species.

Figure 2.7. s- and p- polarization and IRRAS principle
The ratio ΔR/R (R = Rp+Rs) helps in the compensation of the gas phase
absorbance, thereby yielding the PM-IRRAS spectrum.30The phase change of the
perpendicular component, s, is independent of the angle of incidence (Figure 2.8).
Because the phase change of the perpendicular component, s, is nearly -180° for all the
angles of incidence, the net amplitude of the IR radiation parallel to the substrate surface
is zero whereas, the phase change of the parallel component, p shows a strong
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dependence on the angle of incidence.31 This component goes through a maximum at an
angle of incidence of ca. 88°. Also, the adsorption of the component p, of the incident
radiation is directly proportional to the film thickness when the film is thin enough
(<10nm).
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Figure 2.8. Phase change in the p-and s-component versus angle of incidence
The experimental setup of the IRRAS is depicted in Figure 2.9. A collimated
infrared beam from the external port of the spectrophotometer is focused on the thin film
sample at an angle of incidence ranging from 13-83º after being polarized through a mid
infrared range (MIR) polarizer and a photo elastic modulator (PEM). The reflected beam
from the sample is then collected in a narrow-band mercury cadmium telluride (MCT)
detector. The polarizer is usually fabricated with a grid of parallel metal wires etched on
infrared transmitting substrates such as BaF2 or ZnSe. The PEM (typically ZnSe in the
mid-infrared region) functions as an optical device that modulates the polarization state
of the IR beam at frequency ranging between 37-50kHz depending on the instrument
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model.32 The MCT detector has a specific detectivity of the order of 10 11 cmHz1/2W-1 and
requires only a small fraction of the full source intensity. The nitrogen-cooled MCT
detector has great advantages over the detectors that operate at room temperature. For a
given scanning time, an MCT detector will produce a spectrum with a noise level 10 to
100 times lower than the noise from a conventional deuterated triglycine sulfate (DTGS)
detector.

MIR
Polarizer

ZnSe
Photoelastic Modulator
IRRAS
sample

FTIR
Spectrometer
Unpolarized
Light

Polarized
Light

MCT
detector
D

100kHz modulation
between s and p
polarization

Figure 2.9. Schematic depiction of the IRRAS set up
The experiment is performed by depositing the Langmuir monolayers on an IR
transparent solid substrate. In our lab, deposition of films were carried out on
approximately 40 × 25 × 1 mm3 glass plates or glass plates coated on one side with about
100 nm gold. However, the spectra are measured on the reverse side of the gold plate
because LB monolayer deposition is poor on the gold side. The substrates were cleaned
thoroughly using piranha solution (3:1 conc. H2SO4 / 30% H2O2) and ultrapure water
before deposition.
Spectroscopic studies on the as transferred films were performed using a Bruker
Tensor 27 infrared spectrophotometer equipped with a A 513/Q variable angle accessory
with p-polarization in which the angle of incidence may be adjusted externally under
computer control from 13 to 83º. The accessory is a self-contained computer controlled
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unit attached to the external port on the spectrophotometer. The entire system is enclosed
and purged with N2 or argon to maintain the relative humidity level both low and as
constant as possible. The data collection is carried out first by filling the detector with
liquid nitrogen until green light in the instrument is turned on indicating that it is ready to
use. Prior to data collection on thin films, it is necessary to obtain a spectrum of the blank
substrate at angles 20-80º. Typically data are collected for 5 minutes on the single
channel mode. The thin film spectra are then collected at all angles. The final spectra are
obtained by dividing the thin film spectra at a particular angle of incidence by the blank
spectra at that angle.
2.2.11 Contact Angle Measurements
Contact angle measurements were done for the LB films of a few samples
discussed in this dissertation. This experiment is done to establish the hydrophilicity or
the hydrophobicity of the deposited LB films. The contact angle is the angle between the
solid surface and the liquid/vapor. The contact angle is depends on the interactions
between the interfaces and is specific for any given system. For the contact angle
measurement, a drop of liquid is placed on a planar solid surface and the contact angle is
measured from the angle between the tangent of the drop of the liquid and the solid
surface using a goniometer.33 A drop with a contact angle greater than 90° is considered
to be hydrophobic. This situation is illustrated by poor wetting, poor adhesiveness, and a
low solid surface free energy. A drop with a very small contact angle is considered to be
hydrophilic. This condition is a sign of better wetting, better adhesiveness, and higher
surface energy (Figure 2.10).
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Figure 2.10. Contact angle of a liquid sample at normal, hydrophilic, and hydrophobic
surfaces. γSL = Solid/liquid interfacial free energy; γ SG = Solid
id surface free energy; γLG =
Liquid surface free energy; θ = Contact angle
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Chapter 3
REDOX, ELECTRONIC, AND AMPHIPHILIC PROPERTIES OF A SERIES OF
COPPER COMPLEXES WITH VARYING COLIGANDS
3.1 Introduction
Incorporating a transition metal to soft materials makes them attractive candidates
to obtain extended structures and films that are responsive due to the fact that transition
metals introduces properties and changes in behavior that cannot be obtained with
conventional surfactants.1 Amongst the various strategies for preparing films from soft
materials, isothermal compression using LB technique is appealing because of the
advantage of gaining greater morphological control. Interest towards film morphology
has increased as a result of their application towards molecular electronics, 2 biosensing,3
responsive films,4 and other high end technological applications.5 Our group has
developed and studied several redox-responsive metal-containing amphiphiles with
varied ligand systems and their substituents.6 Recently, we have reported on the
interfacial behavior of redox-active copper(II) amphiphiles with chloro and bromo groups
as their coligands.7 These studies have shown that the coligands affect the redox character
and film topology with a little or no change in the isothermal behavior. These results led
us to further investigate the effect of various coligands on the interfacial and redox
behavior of the copper(II)-containing amphiphiles. Thus in this project, we present a
study to scrutinize the structure/function relationships between the redox and amphiphilic
properties in single-tailed amphiphilic copper complexes containing a bidentate [N,N]
type ligand with varying coligands. A series of copper complexes with carboxylates, β-
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diketones, and 1,10-phenanthroline as their respective coligands were synthesized
successfully (Scheme 3.1).

Scheme 3.1. The ligand and the complexes
Herein, (i) we have studied and demonstrated the synthetic approaches to obtain
hetero-ligand copper complexes with monodentate and chelating cores. These compounds
were thoroughly characterized by mass spectrometry, vibrational and electronic
spectroscopies, and cyclic voltammetry. (ii) An investigation on the effect of varying the
coligands to obtain enhanced redox reversibility in the copper complexes with the ligand
LPY18 has been carried out. (iii) With reference to our previous study on similar
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compounds,7 we have proven with evidence that [Cu(LPY18)]2+ complexes form
homogenous Langmuir films with relatively high collapse pressures. Analysis on the
influence of the coligands on the domain formation, and Langmuir film homogeneity has
been carried out. The monolayers of selected complexes were transferred onto glass/gold
substrates and characterized by infrared reflectance absorbance spectroscopy (IRRAS).
(iv) Finally, a correlation between the redox character and the amphiphilicity of the
complexes prepared with various coligands has been derived in order to assess the nature
of the coligands that would provide a better redox character in addition to the
amphiphilicity.
3.2 Experimental Section
3.2.1 Synthesis of the Ligand and Complexes (1) and (2)
The ligand LPY18 and the complexes [Cu(L PY18 )Cl2] (1) and [Cu(L PY18)Br2] (2)
were synthesized according to the literature procedure.7
Synthesis of the Complexes (3)–(8)
All of these complexes were synthesized using either the complexes [Cu(L
PY18

)Cl2] (1) or [Cu(L PY18)Br2] (2) as the reaction precursors.

[Cu(LPY18 )(OAc)2] (3)
Compound 3 was prepared by treating a methanolic solution of 0.292 g (0.5
mmol) of the compound 2 with an aqueous solution of 0.082 g (1 mmol) of sodium
acetate. The solution turned blue from a deep green color. The mixture was kept under
constant stirring for about half an hour at a temperature of 40 ºC and a blue product
precipitated out after the solvent was removed by rotary evaporation to 1/3 rd of its
original volume. This precipitate was then filtered, washed with plenty of cold water and
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then dried under vacuum. Yield: 0.22 g (81 %). m. pt.: 92-93 ºC; IR (KBr, cm -1): 3245
(N-H); 2918, 2850 (alkyl C-H); 1584, 1473 (C=N Py, C=C); 1384, 1326 (COO); ESIMS
(MeOH) m/z: 482.2 [Cu(LPY18)(OAc)]+; elemental analysis calcd. (%) for C 28H50CuN2O4:
C 62.02, H 9.29, N 5.17; found: C 61.92, H 9.27, N 5.15.
[Cu(LPY18 )(OBz)2] (4)
Compound 4 was prepared by a method similar to that described for 3 by treating
0.292 g (0.5 mmol) of the complex 2 with 0.144 g (1 mmol) of sodium benzoate to yield
a deep blue solution which was then reduced to 1/3 rd of its original volume by rotary
evaporation to precipitate out purple colored microcrystals. The microcrystals were then
recrystallized several times using 2 mL of dichloromethane/acetonitrile (1:1) mixture to
obtain X-ray quality crystals. Yield: 0.29 g (88 %). m.pt.: 158-160 ºC; IR (KBr, cm -1):
3262 (N-H); 2920, 2851 (alkyl C-H); 1610, 1571, 1471 (C=N Py, C=C); 1375, (COO);
ESIMS (MeOH) m/z: 544.3 [Cu(LPY18)(OBz)]+; elemental analysis calcd. (%) for
C38H54CuN2O4: C 68.48, H 8.17, N 4.20; found: C 68.56, H 7.90, N 4.30.
[Cu(LPY18)(acac)Br] (5)
Compound 5 was obtained by reacting 0.292 g (0.5 mmol) of the compound 2 in
methanol with 0.050 g (0.5 mmol) of acetylacetonate in the presence of 5 drops of
triethylamine to obtain a deep blue solution. The solvent was removed by rotary
evaporation to 1/3rd of its original volume and to the viscous liquid so obtained, about 10
mL of water was added to obtain a deep blue precipitate, which was washed several times
with about 50 mL of cold water and dried under vacuum. Yield: 0.21 g (70%). m.pt.: 7678 ºC; IR (KBr, cm-1): 2919, 2850 (alkyl C-H); 1578, 1528 (C=O, C=C); ESIMS
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(MeOH)

m/z:

522.3

[Cu(LPY18)(acac)]+;

elemental

analysis

calcd.

(%)

for

C29H51CuBrN2O2: C 57.75, H 8.52, N 5.01; found: C 57.87, H 8.28, N 4.84.
[Cu(LPY18 )(dbm)Br] (6)
Compound 6 was obtained by treating 0.292 g (0.5 mmol) of the compound 2 in
methanol with 0.112 g (0.5 mmol) of 1,3-dibenzoyl methane in the presence of about 5
drops of triethylamine to obtain a greenish blue solution. The solvent was rotovaped to
1/3rd of its original volume and was allowed to precipitate. The precipitate was then
washed with about 50 mL of cold methanol and dried under vacuum. Yield: 0.26 g
(83%). m.pt.: 144-146 ºC; IR (KBr, cm-1): 2920, 2852 (alkyl C-H); 1590, 1550 (C=O,
C=C); ESIMS (MeOH) m/z: 646.4 [Cu(LPY18) (dbm)]+; elemental analysis calcd. (%) for
C39H55CuBrN2O2: C 64.40, H 7.62, and N 3.85; found: C 64.24, H 7.34, and N 3.85.
[Cu(LPY18 )(Ox)] (7)
Compound 7 was prepared by treating 0.584 g (1 mmol) of the compound 2 with
0.134 g (1 mmol) of Na2C2O4. Yield: 0.24 g (92 %). m.pt.: 151-153 ˚C; IR (KBr, cm-1):
3124 (N-H); 2917, 2850 (alkyl C-H); 1712, 1675, 1629 (C=O); 1472 (C=N Py, C=C);
1384, 1272 (COO); ESIMS (MeOH) m/z: 534.3 [Cu(LPY18)(Ox)+Na+]+; elemental
analysis calcd. (%) for C 26H44CuN2O4: C 60.97, H 8.66, N 5.47; found: C 61.30, H 8.46,
N 5.64.
[Cu(LPY18 )(1,10-phen)Cl]PF6 (8)
Compound 8 was synthesized by reacting 0.495 g (1 mmol) of compound 1 with
0.180 g (1 mmol) in methanol for 15 minutes at room temperature. To this reaction
mixture a saturated aqueous solution of NH4PF6 was added to precipitate out a blue
colored powder. The obtained powder was washed with about 50 mL of cold water to
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wash out excess of NH4PF6, filtered and dried under vacuum. Yield: 0.61 g (78%). m.pt.:
181-183 ºC; IR (KBr, cm-1): 3154 (N-H); 2920, 2853 (alkyl C-H); 1522, 1471 (C=N Py,
C=C); 841 (PF6-); ESIMS (MeOH) m/z: 638.3 [Cu(LPY18)(1,10-phen)Cl]+; elemental
analysis calcd. (%) for C36H52ClCuF6N4P: C 55.10, H 6.68, N 7.14; found: C 54.90, H
6.50, N 7.09.
3.3 Results and Discussion
3.3.1 Synthesis and Characterization of the Amphiphilic Copper Complexes
The ligand LPY18 was synthesized as reported in our previous work.7 The copper
complexes 3-8 were synthesized by using the previously known copper complexes 1 and
2 as the reaction precursors. All the complexes were synthesized by treating the
precursors with the respective coligand sources for about 1 h. With a longer reaction
time, the complex 8 would result in the formation of [Cu(LPY18)2]Cl2 and [Cu(L1,10phen

)2]Cl2. Therefore a quicker precipitation of the complex by the addition of a saturated

aqueous solution of NH4PF6 was performed. All the complexes were obtained as
precipitates. They were then frit-filtered, vacuum-dried, and characterized by infrared
spectroscopy, ESI mass spectrometry, and elemental analysis. The infrared spectra of all
these complexes show the expected peaks of the ligands with minor peak shift due to the
metal coordination with corresponding additional absorptions of the coligands indicating
the presence of both the ligand and various coligands.
The ESI mass analysis clearly indicates the presence of both the ligand and
coligands in the peak clusters indicating the presence of the expected complex. The UVvisible spectroscopy of all the complexes shows the presence of ligand related (Π→Π *)
process and the metal based d-d transition bands together with or without the
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metal→ligand or the ligand→metal transition bands depending on the nature of the
coligands used. The molecular structure of the compound 4 was derived by X-ray
crystallography.
3.3.2 Molecular Structure
The molecular structure of 4 was determined by X-ray crystallography of single
crystals obtained from slow evaporation of a mixture of dichloromethane and acetonitrile
in 1:1 ratio. Several attempts to obtain X-ray quality crystals for the other complexes
failed. The ORTEP diagram for compound 4 is depicted in Figure 3.1.
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Figure 3.1. ORTEP diagram for 4. Selected bond lengths [Å] and angles [º] for 4: Cu1
– N1 = 1.986, Cu1 – N2 = 2.019, Cu1 – O1 = 1.951, Cu1 – O3 = 1.957, Cu1 – O2 =
2.688, Cu1 – O4 = 2.614, C-Calkyl-avg = 1.523 Å; N1 – Cu1 – N2 = 83.61, O1 – Cu1 – N1
= 173.17, O3 – Cu1 – N1 = 94.18, O1 – Cu1 – N2 = 89.59, O3 – Cu1 – N2 = 176.31, O1
– Cu1 – O3 = 92.65 º.
The complex 4 crystallizes in the monoclinic space group P2 1/c and consists of
discrete and neutral molecules with a CuN2O2 coordination sphere. The Cu–N Py bond
length for the complex 4 is 1.986 Å and the Cu–Namine bond length is 2.019 Å,
comparable to the previously published molecular structures. 7 Two cis-oriented benzoate
coligands complete the coordination sphere around the metal ion. Similar to the

54
observations of Barquín and coworkers,9 the Cu–N (1.986 and 2.019 Å) and the short
Cu–O (1.951 and 1.957 Å) bond lengths are in-plane and the long Cu–O bonds (2.688
and 2.614 Å) are in off-the-z-axis directions. The bite angle of the amine and pyridine
nitrogen atoms coordinated to copper is about 84º and the O1–Cu–O3 angle is about 93º
and the N–Cu–O angle is lower than 180º, thereby reinforcing the notion of a distorted
square planar environment that is favored for bivalent copper ions. 10 The selected bond
lengths and angles are provided in Table 3.1.
Table 3.1. Crystal structure data for complex 4
Empirical formula

C38H54CuN 2O4

Formula weight

666.37

Temperature

100(2) K

Wavelength

0.71073

Crystal system, space group

Monoclinic, P2 1/c

a(Å)

a = 35.630(2)

b(Å)

b = 10.0087(6)

c(Å)

c = 9.8520(6)

β(º)

96.453(3)

Volume

3491.1 Å3

Z, Calculated density

4, 1.268 Mg/m3

Absorption coefficient

0.667 mm-1

F(000)

1428

Final R indices [I > 2σ(I)]
R indices (all data)

R1 = 0.0553, wR2 = 0.1225
R1 = 0.0711, wR2 = 0.1285

a

R(F) = Σ║Fo│– │Fc ║/│Fo│; Rw(F) = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2 for I > 2σ(I)

3.3.3 Electronic Spectra
The electronic spectra of complexes 3-8 were measured in 1×10-4 M
dichloromethane solutions. All the compounds reveal a very intense band between 250-
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290 nm, which are attributed to the intra-ligand σ→ Π * and/or Π → Π * transitions and a
faint broad band at around 600-700 nm, which is attributed to the d-d transition.11 The dd and the charge transfer bands of all these complexes are listed in Table 3.2.
Table 3.2. Electronic spectra data of 1×10-4 M dichloromethane solutions of the
complexes 3-8
λmax, nm (ε, M-1cm-1)
Complexes

d–d
(nm)

Charge
transfer

[Cu(LPY18 )(OAc)2] (3)

675(235)

[Cu(LPY18)(OBz)2] (4)

672(108)

[Cu(LPY18)(acac)Br] (5)

693(150)

306(7954)

[Cu(LPY18 )(dbm)Br] (6)

693(111)

366(13870)

[Cu(LPY18 )(Ox)] (7)

621(165)

[Cu(LPY18)(1,10-phen)Cl]PF6(8)

741(200)

The carboxylate coligands containing compounds 3, 4, 7, and 8 do not show a
distinct charge transfer band. However, these compounds show a ligand centered process
at 255 nm due to the Π → Π

*

transition and a faint band for the metal centered d-d

transitions at 675 nm.9 The β-diketonates complexes 5 and 6 show a Π → Π * band at
250-260 nm, charge transfer band at 306 nm and 366 nm, respectively. The charge
transfer band for the acac complex 5 falls in the region of acac→metal charge transfer
occurring in the copper acac complexes.12,13,14 Like compound 5, the compound 6 shows
a distinct coligands→metal charge transfer band but with a bathochromic (red) shift to
366 nm (lower energy) which is attributed to the presence of the phenyl substituent.
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These complexes show a faint d-d transition band at 693 nm. The phenanthroline
containing complex 8 shows a very strong Π → Π * band at 275 nm and a weak d-d
transition band at 740 nm. The UV-visible spectra of the complexes 3-8 are shown in the
Figure 3.2 and 3.3.

Figure 3.2. UV-visible spectra of 1×10-4 M CH2Cl2 solutions of the
complexes 3, 4, 7, and 8

57

20000

15000

(5)

10000

(6)

5000

0
250

300

350

400

450

500

550

600

650

700

Wavelength O , (nm)
Figure 3.3. UV-visible spectra of 1×10-4 M CH2Cl2 solutions of the
complexes 5 and 6
3.3.4 Redox Properties
In order to bring responsiveness to a film, it is necessary to thoroughly assess the
redox activity of the film forming amphiphilic complex. A comparative study of the
redox activity of the single-tailed copper amphiphiles with different coligands was
performed by cyclic voltammetry in order to assess their redox reversibility and
cyclability. Experiments were carried out in 1×10-3 M dichloromethane solutions of the
compounds using tetrabutylammonium hexafluorophosphate (TBAPF 6) as the supporting
electrolyte. All potentials are reported at 100 mV/s and versus the Fc+/Fc couple, unless
noted otherwise. Data, which include the half-wave potential and the peak separation of
all these compounds, are reported in Table 3.3. The redox activity of the compounds 1
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and 2 have been thoroughly analyzed elsewhere.7 It was observed that the alkyl chain
length has a negligible effect on the redox potential which was attributed to the absence
of ligand-inductive effects or decreasing rates of interfacial electron transfer. The results
showed that the chloro coligand exhibits a less reversible process than the bromo
coligand.15 This result leads to the current study of tuning the redox reversibility and
cyclability by varying the coligands. Consistent with the expectations, the redox potential
and the reversibility varied with the change in coligands. Figure 3.4 displays the cyclic
voltammograms of the compound 3, 4, and 8.
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Figure 3.4. Cyclic voltammograms of 1×10-3 M dichloromethane solutions of compounds
3, 4, and 8. The amplitude of the current for each compound is omitted for clarity.
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The compounds 3 and 4 display a single quasi-reversible one electron redox wave
at -909 and -866 mV, respectively, corresponding to the Cu II/CuI couple with the
│Ipc/Ipa│> 2.5. Since, the compound 8 clearly showed the best reversible process
corresponding to the CuII/CuI couple with a │Ipc/Ipa│value of 0.96, a study was also
performed to assess its cycling capability. It showed a good cycling character with a
decomposition of about 30 mV. The compounds 5, 6, and 7 (Figure 3.5) show a different
behavior when compared to the other compounds.
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Figure 3.5. Cyclic voltammograms of 1 × 10-3 M dichloromethane solutions of
compounds 5, 6, and 7
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The compounds 5, 6, and 7 show multiple irreversible processes which are quite
expected for similar compounds.16, 17, 18 The process at -541 mV for the complex 5, -355
mV for the complex 6, and at -516 mV for the complex 7 are attributed to the CuII/CuI
couple. The second process occur at -860 mV, -872 mV and -1048, respectively, for
complexes 5, 6, and 7. The │Ipc/Ipa│value for these processes is very much greater than
unity, similar to the observations by Eldik and coworkers.19 The irreversible nature of
these processes can be attributed to the structural changes occurring on electron
transfer.20 When the scan rate was increased from 25 to 1000 mV/s for the compound 5
(Figure 3.6), the peak at -860 mV grows in height indicating that at higher scan rates Cu I
is preferentially formed as soon as the five coordinated [Cu(LPY18)(acac)Br] species is
reduced.19 Additionally, the complex 6 shows a quasi-reversible process at -1299 mV and
an irreversible process at 280 mV which could be attributed to dibenzoyl methanate
related process.18
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Figure 3.6. Cyclic voltammogram as a function of scan rate for complex 5
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Table 3.3. Cyclic voltammetric data for compounds 3-8

1×10-3 M CH2Cl2 Solutions
Scan Rate: 100 mV/s

Complexes

E1/2
(mV)

ΔEp
(mV)

[Cu(LPY18)(OAc)2] (3)

-909

313

[Cu(LPY18)(OBz)2] (4)

-866

420

[Cu(LPY18)(acac)Br] (5)

-860, -541

137, 93

[Cu(LPY18)(dbm)Br] (6)

280, -355, -872, -

280, 88, 148,

[Cu(LPY18)(Ox)] (7)

1299

262

[Cu(LPY18 )(1,10-

-1048, -516

295, 228

phen)Cl]PF6(8)

-482

269

Ipc/Ipa

2.50
3.40
irreversible
irreversible
irreversible
0.96

3.3.5 LB Film Formation and Patterning
The amphiphilic property and the film formation of these complexes were studied
by means of surface pressure (Π, mN/m) vs. area (A, Å2) isotherm. The isotherms provide
information regarding the two dimensional behavior of the film, the limiting area per
molecule (Alim), collapse pressure (Πc), and area at collapse (Ac). The amphiphilic
compound is initially dissolved in a volatile nonpolar solvent such as chloroform and is
spread on the aqueous subphase surface. As the barriers are compressed, the tension (γ) at
the air/water interface decrease in the presence of the amphiphilic compound when
compared to the bare air/water interface (γ0 = 72 mN/m at 23˚C), resulting in an increase
in Π (= γ0–γ).

All the copper complexes showed comparatively greater collapse

pressures, proving that the pyridine-based systems give higher collapse pressure and
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more organized films as mentioned elsewhere.7 Figure 3.7 shows the compression
isotherms of single tailed copper amphiphiles that contain acetate and benzoate as their
coligands. The compounds 3 and 4 exhibit a similar trend in the isotherm with a phase
transition at a pressure of about 13-17 mN/m, which could be described as a gas-to-liquid
transformation. A steeper slope was observed after this transition. The average area per
molecule is obtained by extrapolating the steepest portion of the isotherm to zero pressure
(Π →0). Both these compounds showed similar areas of about 26-29 Å 2 comparable to
that reported for the carboxylic acids with same number of carbon atoms.21 These
compounds collapse at a relatively similar collapse pressures of about 44-49 mN/m.
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Figure 3.7. Langmuir isotherms of monodentate coligand complexes 3 and 4
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The Langmuir isotherms of the copper amphiphiles containing bidentate
coligands such as acetylacetonate and dibenzoyl methane and chelating coligands such as
oxalate, and 1,10-phenanthroline are shown in the Figure 3.8 and 3.9.
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Figure 3.8. Langmuir isotherms of the complexes 5 and 6
The compound 5 exhibits a clear plateau like transition at around 16 mN/m with
an average area per molecule of about 40 Å 2 and a collapse pressure of about 46 mN/m.
The occurrence of the plateau region is known to be accompanied by drastic structural
changes.22 The limiting area per molecule is quite consistent with the calculated area of
about 44 Å2. The compound 6 does not have a clear phase transition. However, the
isotherm gets steeper around similar pressures of about 17 mN/m. The average area per
molecule was found to be around 56 Å2, which is quite comparable to the theoretical
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value of about 64 Å2. The collapse pressure is about 47 mN/m. The amphiphile molecules
of complex 7 start interacting with the subphase at 88 Å2. Replacing the coligand with
oxalate shows the disappearance of the phase transition that was observed in case of
chloro, acetate, and benzoate coligands containing amphiphiles. Similar situation was
observed in case of bromo containing amphiphiles.7 However, the average limiting area
per molecule was found to be around 33-34 Å2 similar to that observed for the
corresponding chloro containing amphiphile.
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Figure 3.9. Langmuir isotherms of chelating coligand complexes 7 and 8
The film collapses at around 49 mN/m, which is quite similar for such complexes.
The isothermal behavior of the 1,10-phenanthroline containing compound 8 was assessed
in a similar fashion and it clearly indicates a phase transition at around 14-17 mN/m with
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the formation of a plateau and the average area per molecule of about 44 Å 2. The
theoretical value for this compound was found to be around 43 Å2. The experimental area
per molecule is expected to be greater than the theoretical value due to the tail-tail
hydrophobic repulsion of the flexible alkyl chains.23 The film collapses with a surface
pressure of 50 mN/m. All the complexes shows a typical constant pressure collapse
mechanism which is attributed to the continuous folding of the monolayer followed by its
sliding over the rest of the monolayer to form multilayers.24
3.3.6 BAM Studies
BAM is a powerful technique to visualize the changes that happen on the surface
of the subphase. This technique uses the principle of zero reflectance for a vertically
plane polarized light at the pure subphase surface. However, when a material with a
different refractive index is deposited on the surface, change in reflectivity occurs, which
is captured as images. The isothermal data obtained for these complexes investigated by
using the BAM technique in order to gain insight on the nature of the domains and phase
change by changing the coligands. The monodentate coligand containing compound 3
showed the formation of a homogenous surface with sparse Newton circles, 25 as observed
for the ligand LPY18 in the previous work.7 These features were attributed to the
multilayer granule formation from the ejection of matter due to localized oscillations.
However, in case of compound 4, small domains that resembles the bromo containing
compound but at a smaller pressure this time (5 mN/m).7 Interestingly, the Newton rings
that were observed for compound 3 were found to be more populated at a pressure of
about 14 mN/m, point at which we observed a phase transition in the isotherm. These
features then transformed to a star-like domains at 20 mN/m possibly due to the transition
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from 2D liquid-gas. Similarly, in case of compound 4, the domains started growing in
size and in number as the pressure of 20 mN/m is reached. At higher pressures, the
interspatial distance between the domains decreased to a point that a homogenous film
was formed and continued through the collapse at around 46-48 mN/m. Additionally, in
relevance to our hypothesis in the previous work,7 the formation of domains is due to the
existence

of

a

dynamic

[CuII(LPY18)(RCOO)2]

and

equilibrium
their

between

the

mono-carboxylated

di-carboxylated
and

solvated

species
analogues

[CuII(H2O)(LPY18)(RCOO)]+ and [CuII(H2O)2(LPY18 )]2+ at the air/water interface. Each of
these species display distinct dipole moments that increase molecular motion and the
domains are formed to stabilize the films by decreasing mobility. Selected images for the
complexes 3 and 4 are shown in Figure 3.10.

Figure 3.10. BAM images of 3 and 4
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The BAM images for the bidentate coligand containing complexes 5-8 (Figure 3.11 and
3.12) showed a homogenous monolayer that exists up to 14 mN/m, after which the
domain formation begin, consistent with the phase transition observed in the isotherm.
[Cu(LPY18)(acac)Br] (5) [Cu(LPY18)(dbm)Br] (6)

14 mN/m

20 mN/m

40 mN/m

Collapse

Figure 3.11. BAM images of 5 and 6
In case of the diketonate coligand containing complexes 5 and 6, the domains
adopt five- to seven-fold branched star-shaped and flower-shaped morphology,
respectively, as the compression was continued through 20-23 mN/m. After this, a very
homogenous film was observed for compound 5, with domains still existing in case of
compound 6. The equilibrium that would exist in these complexes should be between
[CuII(LPY18)(β-diketonate)Br]0↔[CuII(LPY18)(β-diketonate)H2O]+.

The

domains

start

diminishing in case of the compounds 7 and 8 as pressure increased thereby leading to an
almost homogenous film.
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[Cu(LPY18)(ox)](7)

[Cu(LPY18)(phen)](8)

14 mN/m
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Collapse

Figure 3.12. BAM images of 7 and 8
Equilibrium contact angle (θ) measurements were carried out on selected LB film
and it depicts 63º for 2, 77º for 3, and 66º for 8 were in clear contrast with the θ =0º for
the hydrophilic mica substrate.
3.3.7 IRRAS of the LB films
IRRAS experiments were performed to obtain information on the film deposited
on the solid substrate at an incident angle of 30º for p-polarization. Figure 3.13 shows the
IRRA spectra of monolayers and the bulk sample for comparison of a few selected
complexes. All the spectra show a prominent band at 3280 cm-1 due to the OH stretch of
water which is a characteristic feature of the IRRA spectra.26
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Figure 3.13. IRRAS of the LB films of selected complexes 3 and 8 measured on the
reverse side of a gold plate with p-polarized light at an angle of incidence 30 º
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The bands observed between 2840 and 2975 cm -1 are typically assigned for the
asymmetric and symmetric stretching vibrations of the methylene group and the weaker
band at around 2960 cm-1 is assigned for the asymmetric stretching vibration of the
methyl group. The IR spectra of the bulk sample are measured for the comparison with
the LB film results. The CH2 band at 2918 and 2850 cm-1 in the LB film of the complex
[Cu(LPY18)(OAc)2] (3) and the bands at 2917 and 2850 cm-1 for the complex
[Cu(LPY18)(1,10-phen)Cl]PF6 (8) does not change the position on compression and is
located at the same wavenumber as the bulk. The CH3 bands at 2953, 2958, and 2958 cm1

for the complexes 3 and 8 respectively are located at the same position as the bulk. The

IRRAS spectra of the amphiphile 3 further shows a band at 1601 cm-1 which is attributed
to the C=O stretch of the acetate group consistent with the bulk compound. These
observations indicate a well-packed condensed monolayer with all-trans conformation of
the alkyl chains. 27, 28
3.4 Conclusion
In this article we have used precursor 1 and 2 to develop a series of amphiphilic
and redox-responsive complexes as candidates for the development of responsive films.
We have demonstrated that by changing the coligands a good balance between
amphiphilicity and redox response can be obtained. By changing the coligands, we were
able to tune the redox activity without compromising the amphiphilic behavior of the
complexes. The monodentate coligand containing complexes 3 and 4 were found to
exhibit a quasi-reversible CuII→CuI couple with a potential of about -900 mV. The
Langmuir monolayer isotherm indicates that the films of these complexes are stable up to
a pressure of about 45 mN/m. The BAM images of these complexes show the formation
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of well-defined star-shaped domains in case of complex 3 and flower-shaped domains in
case of the complex 4. The complexes 5, 6, and 7 show multiple redox processes and
similar monolayer properties observed for such complexes. The complex 8 shows single
redox process corresponding to CuII→CuI at around -480 mV which is quite reversible
for such kind of complexes. The process was also found to be cyclable with minimal
decomposition. The monolayer stability is however maintained up to a pressure of 49
mN/m. The IRRAS of the complexes 3, 4, and 8 shows the presence of well-packed
condensed monolayer on the surface of the substrate.
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Chapter 4
AMPHIPHILIC COMPLEXES WITH AZIDEAND THIOCYANATE-BRIDGED COPPER(II)
CORES AS PRECURSORS FOR REDOXACTIVE FILMS

Schematic representation of the binuclear copper complexes and their characterization
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Chapter 4
AMPHIPHILIC COMPLEXES WITH AZIDE- AND THIOCYANATE-BRIDGED
COPPER(II) CORES AS PRECURSORS FOR REDOX-ACTIVE FILMS
4.1 Introduction
Integration of amphiphilic behavior with the tunable properties of various
transition metals in metalloamphiphiles is gaining interest in the scientific community
due to their potential towards high-end technological applications such as molecular
electronics,1 biosensing,2 opto-electronics,3 and responsive films.4,5

In spite of this

promising future, limited knowledge is available about the design and properties of such
metalloamphiphiles. Similarly, a good understanding of their behavior upon isothermal
compression at the air/water interface and upon transfer onto a solid substrate remains
elusive.
Our group is working on the development of precursors for such films by
incorporating abundant and economically sustainable redox-active transition metals into
tailor-made multidentate amphiphilic ligands. The resulting precursor complexes merge
the properties of both metal ions and the ligand. In this regard, we envisioned the use of
bridged [Cu2] cores as a way to expand the number of redox centers present in the
amphiphilic complexes. We based this approach on our previously studied robust
multimetallic topologies of oxo-bridged [Cu4] clusters,6 [Fe2] bridged species, and [Fe4]
hydrophobic discoids.7
In this chapter, we present (i) the syntheses of binuclear copper(II) amphiphiles
with azido and thiocyanato bridges (Scheme 4.1), (ii) the studies on their structural,
redox, and electronic characterization, and (iii) the film-forming properties by isothermal
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compression and Brewster angle microscopy (BAM) techniques at the air/water interface.
For the first time, we have also analyzed these LB films by infrared absorbance
reflectance spectroscopy (IRRAS), which allows for an intimate analysis of the functional
groups present on these films.

(1)

(2)

Scheme 4.1. The complexes 1 and 2
4.2 Experimental Section
4.2.1 Synthesis of the Ligand and Complexes
The ligand LPY18 and the precursor copper complex [Cu(LPY18 )Br2] was
synthesized according to the literature.8
Caution! Azide complexes of metal ions are potentially explosive. Only a small
amount of the materials should be prepared, and handled with care.
The binuclear complexes 1 and 2 were synthesized using the previously known
[Cu(LPY18)Br2] as the reaction precursor.
[Cu2(LPY18 )2(μ1,1- N3)2 (N3)2] (1)
The compound 1 was synthesized by treating 1 mmol (0.584 g) of the complex
[Cu(LPY18)Br2] with a saturated aqueous solution of excess of sodium azide to obtain a
dark green microcrystalline product. This product was recrystallized several times using
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dichloromethane / methanol mixture in 1:1 ratio. Yield: 0.45 g (89 %). m.pt.: 148-150 ºC;
IR (KBr, cm-1): 3301 (N-H); 2926, 2859 (alkyl C-H); 2045, 2075 (N-N asym); ESIMS
(MeOH) m/z: 888.5 [Cu(LPY18)2(N3)]+; elemental analysis calcd. (%) for C 48H88Cu2N16: C
56.72, H 8.73, N 22.05; found: C 56.52, H 8.53, N 22.07.
[Cu2(LPY18)2(μ1,3- SCN)(NCS)2] (2)
The compound 2 was synthesized by treating a methanolic solution of 0.292 g
(0.5 mmol) of the complex [Cu(LPY18)Br2]

with an aqueous solution of excess of

potassium thiocyanate to obtain green microcrystalline powder. The precipitate was then
recrystallized in a mixture of dichloromethane and acetonitrile (1:1) to obtain X-ray
quality crystals. Yield: 0.22 g (82 %). m.pt.: 131-132 ºC; IR (KBr, cm -1): 3189 (N-H);
2922, 2855 (alkyl C-H); 2117, 2084 (C≡N); 767 (C-S); ESIMS (MeOH) m/z: 841.6 (100)
[Cu(LPY18)2(SCN)]+; elemental analysis calcd. (%) for C 52H88Cu2N8S4: C 57.79, H 8.21,
N 10.37; found: C 57.63, H 8.13, N 10.30.
4.3 Results and Discussion
Our previously reported [Cu(LPY18)Br2] species8 was used as a precursor and
treated with saturated aqueous sodium azide or potassium thiocyanate solution yielding
the binuclear azido-bridged complex [Cu2(LPY18)2(μ1,1-N3)2(N3)2] (1) and the thiocyanatobridged [Cu2(LPY18 )2(μ1,3-SCN)2(NCS)2] (2), respectively. The composition of 1 and 2
was unquestionably ascertained by infrared, ESI mass spectrometry, and elemental
analysis, among other spectroscopic methods.
4.3.1 Vibrational Spectroscopy
The infrared data of the bulk compound 1 shows a strong band at 2045 cm–1 and
another less intense band at 2075 cm –1. The first refers to the antisymmetric stretch of
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terminal azide groups, whereas the second indicates the presence of bridged azides in an
end-on mode.9-12 Similarly, the infrared spectrum of 2 shows an intense band at 2084
cm–1 attributed to N-bound9 terminal SCN groups and another diagnostic band at 2117
cm–1 attributed to side-on
on bridging thiocyanate groups.
groups 13-15
4.3.2 Molecular Structure
After several attempts to obtain X
X-ray quality crystals,
s, we were able to gather
limited structural inforamtion for the thiocyanato-bridged
thiocyanato
complex 2 (Figure 44.1). The
resulting structure shows severe disorder in each of the octadecyl chains, but --- along
with the above mentioned techniques --- yields important
ant information regarding the
identity of the dimeric core, as well as the type of coordination modes of the thiocyanate
ion.

Figure 44.1. Structural information for complex 2
This core exhibits a side-on
side
thiocyanate-bridged
bridged dimer in which each copper(II)
ion displays an axially elongated square pyramidal geometry in an approximate C 4v
symmetry, where the basal plane is defined by the N1, N2, N3, and N4 atoms and the
axial position is occupied by the S atom.
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4.3.3 EPR Spectroscopy
The EPR spectra for 1 and 2 are shown in Figure 4.2 and are characteristic of S =
½ signals, with respective g__ and gA values of 2.19 and 2.08 for 1, and 2.21 and 2.07 for
2. The results correspond to those observed for azido-bridged copper dimers with
tetramethylethylenediamine and are typical of uncoupled copper(II) ions in a distorted
square pyramidal surrounding. 16,17 Kahn et al16 has established that while side-on azide
coordination leads to the stabilization of the antiferromagnetically coupled singlet (np)
ground state, end-on coordination can stabilize the uncoupled triplet (n n) ground state.
Thus, the EPR data corroborates with the notion gathered from the IR data of an end-on
azido-bridging mode.
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Figure 4.2. X-band EPR spectra of 1 and 2 in dichloromethane/methanol solutions at
110K
A slightly different situation appears to take place for the thiocyanato-bridged 2,
where the magnetic dx2-y2 orbitals of each copper ion coincide with the basal plane of a
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square pyramid and are therefore parallel to each other with no overlap. The connectivity
of these orbitals is further weakened by a fairly distant S atom.
4.3.4 UV-visible Spectroscopy
The UV-visible spectra of compounds 1 and 2 were taken in dichloromethane
(Figure 4.3) and reveal intense intraligand bands between 250 – 290 nm along with weak
d-d transitions around 600 – 620 nm.18
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Figure 4.3. UV-visible spectra of 1 × 10-4 M solutions of complexes 1 and 2 in
dichloromethane
Complex 1 shows more diagnostic split N3- → Cu(II) charge transfer bands at 390
nm (ε = 8700 M –1cm–1) and 430 nm (sh, ε ≈ 5200 M –1cm–1), characteristic of bridged
azide groups.19 Likewise, complex 2 shows a SCN- → Cu(II) charge transfer band at 420
nm.20 When the spectrum of 1 is taken in a dichloromethane:pyridine (1:1) solution, the
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CT bands decrease in intensity and shift to 430 nm, while the d-d bands shift to 710 nm.
These changes suggest solvolysis and formation of a monomer.21 Since the precursor
[Cu(LPY18)Br2] displays faint bands at 477 and 672 nm (700 and 200 M–1cm–1 ,
respectively) associated with the LPY18 ligand, the observed shift to a single peak fits well
within the formation of a monomer containing at least one terminal azide.16 Species 2
shows a similar behavior. This dimer/monomer conversion becomes relevant in
considering the possible changes that may occur at the air/water interface, but the
predominant hydrophobic character of species 1 and 2 do not allow for direct
measurement of UV-visible data in water.
4.3.5 Redox Properties
The

redox

behavior

of

species

1

and

2

was

also

measured

in

dichloromethane/TBAPF6 in order to assess reversibility and cyclability of these species,
and therefore their suitability as precursors for redox-responsive films. The CVs of these
binuclear species (Figure 4.4) display a single reversible process at E1/2 = -460 mV and 600 mV vs. ferrocene with │Ipc/Ipa│values of 0.9 and 1.1, respectively for 1 and 2. This
process corresponds to the CuII/CuI couple and indicates that the metal ions are
magnetically uncoupled and within identical environments,22 in excellent agreement with
the EPR and structural data. Additionally, these potentials are more reversible and less
negative than those observed for the precursor [Cu(LPY18)Br2] or its counterpart
[Cu(LPY18)Cl2] under identical conditions. In addition to good reversibility, compound 1
shows excellent cyclability with minimal decomposition after 50 cycles. On the other
hand, compound 2 shows a poor cycling character. From a redox perspective, the use of
dimers constitutes an improvement to the design of film precursors.
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Figure 4.4. Cyclic voltammograms of 1 × 10-3 M dichloromethane solutions of binuclear
compounds 1 and 2
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4.3.6 Interfacial Studies
The efficacy of the binuclear complexes to act as amphiphilic precursors were
examined as compression isotherms plotted as surface pressure (mN/m) versus average
molecular area (Å2) at the air/water interface in a Langmuir-Blodgett trough at 23 ºC, as
shown in Figure 4.5.
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Figure 4.5. Complexes 1 and 2 at the air/water interface: Isothermal compression
The precursor 1 starts to interact with the subphase at a mean molecular area of
ca. 115 Å2, while 2 start at ca. 107 Å2. This similarity agrees with an initial similar
topology for both the azido and thiocyanato species. The isotherm of 1 show a plateaulike region associated with a phase transition between 15 and 18 mN/m, collapsing at 49
mN/m. In contrast, 2 does not show such a plateau-like region, however, a steeper slope
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in the isotherm from 15 to 25 mN/m also seems to indicate some sort of phase transition.
Further evidence for these phase transitions was gathered using BAM images (Figure
4.6) where polarized light passes through media with dissimilar refractive indices and the
reflection is captured as an image. This is the most reliable method to identify such
interfacial air/water phenomena.23 At the region of phase transition for 1, i.e., 15-18
mN/m, formation of circular domains with small interspatial distance was clearly
observed. The interspatial distance decreases further as pressure increases, leading to a
highly homogenous film after 18 mN/m.

Figure 4.6. Complexes 1 and 2 at the air/water interface: BAM images
The behavior of 2 is slightly different in that domains are observed between 15
and 20 mN/m in the form of small domains intercalated with Newton circles 24, 25. The
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presence of such circles indicates surface activity and denotes instability of the film. In
fact, collapse for both 1 and 2 becomes evident at ca. 48 – 49 mN/m by the formation of
these rings. As shown in Figure 4.5, the observed average area per molecule is given as
60 Å2 for 1, and 58 Å2 for 2. By themselves, these values are approximately twice the size
of those previously published for the precursor [Cu(LPY18)Br2] as well as for its
counterpart [Cu(LPY18)Cl2] under identical conditions. This agreement in itself is
excellent; however the resulting average area at collapse is a function of the molecular
weight of the compound. If, as suggested by the UV-visible data, polar solvents can
cleave the dimer, the mean molecular area would be roughly half of that presented here.
Except for the area at collapse none of the other features would change.
4.3.7 IRRAS of the LB Films
In order to evaluate the viability of transfer onto solid substrates, as well as the
conservation of chemical composition and ordering of such films, three monolayers of 1
and 2 were carefully deposited at ca. 40 mN/m onto gold-coated glass plates and
investigated with IRRAS technique. This method uses an incident polarized IR light at
grazing angles for the study of specific chemical and structural information in materials
deposited as thin films. The IRRAS spectra (Figure 4.7 and 4.8) of both bridging
complexes 1 and 2 categorically show the presence of three bands between 2851 and
2958 cm-1 associated with the C-H stretches of the octadecyl chains. The first two bands
are symmetric and asymmetric CH2 stretching vibrations, whereas the less intense one
refers to the asymmetric CH3 stretching vibration.26 It has been recently reported that the
CH2 band positions reflect the degree of conformation order in the hydrocarbon chains.27
Comparing with the results in bulk, the bands are slightly shifted towards longer wave
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numbers suggesting the formation of ordered but somewhat loosely packed monolayers. 28
These results are in excellent agreement with our previous observation of molecular
alignment in similar trans-oriented double-tail copper(II) amphiphiles using surfaceselective vibrational sum frequency generation (SFG) spectroscopy. 29 Interestingly, the
equally pronounced N3- and SCN- bands observed in bulk for 1 and 2 are not observed in
the IRRAS spectra of the LB film spectra. In principle, we considered the possibility of
the coligands dissociating and being replaced by water molecules at the air/water
interface. However, that would lead to the formation of positively charged species
deposited at the substrate surface but charge balance must be attained. Therefore, we took
the LB film and ground it to a homogeneous powder and measured its IR spectrum as a
KBr pellet. In spite of the small sample-to-substrate ratio, we clearly saw the alkyl, azide,
and thiocyanate bands.
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Figure 4.7. IR spectra of 1: bulk (bottom), LB film with p-polarized light at an angle of
incidence 30º(middle), and the ground LB film(top)
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The experiment then was repeated for a film containing 50 layers of 1, and the
intensity of those peaks increased markedly. We can conclude that the azide and
thiocyanate coligands are present but cannot be detected by IRRAS. Thus, this limitation
has been tentatively associated with the dipole moments of the azide groups being
perpendicular to the polarization of the IR light. To some extent this condition is unusual,
as it requires alignment of the azide groups on the surface of the substrate. With the
available experimental evidence this proposition seems valid, but further analysis will be
required for a full understanding of this observation.
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Figure 4.8. IR spectra of 2: bulk and LB film with p-polarized light at an
angle of incidence 30º
4.4 Conclusion
In summary, two novel binuclear copper containing amphiphiles with azido and
thiocyanato bridges were synthesized and characterized by IR, UV-visible, and EPR
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spectroscopies, mass spectrometry, cyclic voltammetry, and elemental analysis. The
redox study on the complexes 1 and 2 shows a single Cu II→CuI process at -460 mV and 600 mV respectively, with excellent reversibility. However, only the complex 1 was able
to withstand redox cycling of about 50 times with minimal decomposition of less than 30
mV. Monomer/dimer equilibria might happen at the air/water interface, as suggested by
UV-visible studies, but the monolayer stability seems to be maintained up to a pressure of
ca. 49 mN/m when collapse occurs. The IRRAS spectra detects clearly the presence of
alkyl chains but not of the azido nor the thiocyanato coligands. These are detected only
by regular IR spectroscopy of the ground film+substrate suggesting high order. Granted
that the complexities of film formation with bimetallic amphiphilies will require further
analysis, this study points out to the viability of such precursors for the assembly of
redox-responsive LB films.
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Chapter 5
SYNTHESIS, CHARACTERIZATION, AND MONOLAYER FORMATION OF
[MII(LPY18 )3](ClO4)2 {M = Fe, Co, Ru} AMPHIPHILES
5.1 Introduction
Flexible amphiphilic molecules are of focus due to their physical properties that
facilitate the fabrication of thin films with controllable morphology. These molecules
combined with metal ions render supplementary properties like electronic, redox,
magnetic, and photochemical activities of the respective metal ions.1 A number of
applications have been projected for metallosurfactants such as probes for magnetic
resonance imaging,2 templates for mesoporous materials,3 as metallomesogens,4

, 5

sensitizers for optoelectronic devices,6 homogeneous catalysts,7 and antihelmintic
therapeutics.8 Our main goal is concerned with the synthesis of metal-containing
amphiphiles using the [N,N] bidentate ligands.
In this chapter, an investigation of the properties of the novel triple-tailed bivalent
metal-containing surfactants of the type [MII(LPY18 )3](ClO4)2 displayed in Scheme 5.1 is
carried out. This chapter includes the synthesis and characterization of iron(II), cobalt(II),
and ruthenium(II)-containing amphiphiles and the examination of their interfacial
behavior at the air/water interface by Langmuir-Blodgett (LB) and Brewster angle
microscopy (BAM). The LB films were then investigated for their composition and
molecular integrity by means of infrared reflectance absorbance spectroscopy (IRRAS).
These findings are important for the development of magnetic and photo-responsive
metal-containing LB films.
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Scheme 5.1. Metallosurfactants used in this study
5.2 Experimental Section
5.2.1 Synthesis of the Ligand and Complexes
The ligand LPY18 was synthesized according to the literature.10
Caution! Perchlorate salts are potentially explosive. Only a small amount of the materials
should be prepared, and handled with care.
[FeII(LPY18Imine)3](ClO4)2 (1). The iron complex was synthesized by treating 3
equivalents of the ligand LPY18 and one equivalent of FeII(ClO4)2 in dry methanol under
inert condition for 45 minutes. A pale green product precipitated out which was filtered
under open air to form a dark brownish purple product. This product was purified by
recrystallizing several times in dichloromethane/methanol (1:1) mixture. The change in
color is due to the oxidation of the ligand from amine to imine.
Yield: 74%. Elemental Analysis calculated for [C72H126 N6FeCl2O8]·2H2O : C,
63.28; H, 9.59; N, 6.15. Found: C, 63.27; H, 9.36; N, 6.12. IR (KBr, cm-1): 2922, 2852
(C-H from long alkyl chain), 3266(N-H), 1609 (C=N Imine), 1559, 1468 (C=NPyr), and
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(C=Caromatic); 1095 (Cl-O from ClO4-); ESI(+) in MeOH: m/z for {[Fe(LPY18Imine)3]2+}/2
=566.98.
[CoII(LPY18 )3](ClO4)2 (2). The cobalt complex was synthesized by treating 3 equivalents
of the ligand (LPY18) was treated with one equivalent of CoII(ClO4)2.6H2O in methanol for
about an hour at 35 ºC yielding brown precipitate of the complex which was then isolated
and washed with surplus amount of cold methanol.
Yield: 85%. Elemental Analysis calculated for [C72H132 N6CoCl2O8]∙2H2O: C,
62.86; H, 9.96; N, 6.11. Found: C, 62.50; H, 9.46; N, 6.06. IR (KBr, cm-1): 2851, 2921
(C-H from long alkyl chain), 3268 (N-H), 1609 (C=Npyr), 1093 (Cl-O from ClO4-). ESI(+)
in MeOH: m/z for [Co(LPY18)2]2+ =779.63.
[RuII(LPY18 )3](ClO4)2 (3). One equivalent of [Ru(DMSO)4Cl2] was treated with three
equivalents of the ligand LPY18 in methanol under dark condition for about 3 hours at 45
ºC. The reaction mixture was then cooled to room temperature and about 5 mL of
aqueous saturated NaClO4 to precipitate out a dark red precipitate which is filtered and
washed with a plenty of water and dried under vacuum.
Yield: 77%. Elemental Analysis calculated for [C72H132 N6RuCl2O8]: C, 62.58; H,
9.63; N, 6.08. Found: C, 62.27; H, 9.35; N, 5.86. IR (KBr, cm-1): 2920, 2851 (C-H from
long alkyl chain), 3265(N-H), 1609, 1570, 1463 (C=N Pyr) and (C=Caromatic); 1094 (Cl-O
from ClO4-); ESI(+) in MeOH: m/z for {[Ru(LPY18)2]2+}/2 =590.411.
5.3 Results and Discussion
Treatment of the ligand LPY18 with metal(II) perchlorate salts in the 3:1 ligand to
metal ratio yielded complexes 1-3. These complexes were characterized by infrared and
UV-visible spectroscopies, ESI mass spectrometry in the positive mode, and elemental
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analyses. Upon coordination the aromatic C=Npy and the amino group bands are shifted to
lower frequencies suggesting that the electronic density of the bonds have increased. 11
Another peak at ca. 1090 cm-1 was also present for the perchlorate ions.12 ESI mass
spectrometry further evidence the presence of peak clusters at m/z = 566.98, 779.63, and
590.411 corresponding to {[Fe(LPY18Imine)3]2+}/2, [Co(LPY18)2]2+, and {[Ru(LPY18 )2]2+}/2
respectively. All elemental analyses are in good agreement with the expected calculated
values.
5.3.1 Electronic Properties
The electronic spectra of the surfactant complexes 1-3, were measured as 1×10-4
M dichloromethane solutions. The spectra for these complexes are shown in Figure 5.1.
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Figure 5.1. UV-visible spectra of complexes 1-3
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The main feature observed for the complexes 1-3 is the presence of an intense
intraligand bands attributed to the Π→Π * and σ→Π* transitions between 230-280 nm.
The complex 1 shows two faint shoulders at 506 nm (525 M -1cm-1) and 560 nm (530 M1

cm-1) which is attributed to the d-d transition similar to that observed for the iron

aminomethyl pyridine complex.13 The observation for the complex 2 is in an excellent
agreement with the expected spectrum of d7 high-spin cobalt(II) systems.14 The complex
3 exhibits a third less intense band at 365 nm (10719 M-1cm-1) in addition, which is quite
similar to the observation for the previously published [Ru(bipy)2(LPY18)](PF6)2.15
Another band at 498 nm (7300 M-1cm-1) is quite comparable to that observed in case of
the [Ru(bipy)2(LPY18 )](PF6)2 and is attributed to the dΠ(Ru II)→Π* metal-to-ligand charge
transfer transition.16, 17
5.3.2 Redox Properties
Cyclic voltammograms of all the three complexes 1-3 were measured in
dichloromethane using either TBAPF6 or TBAClO4 as a supporting electrolyte. The
cyclic voltammograms of compounds 1-3 are shown in Figure 5.2. The compound 1
show completely irreversible processes related to both the metal and the ligand. The
complex 2 shows a quasireversible process with an E1/2 = -1379 mV and peak width of
258 mV. This process is attributed to the ligand based amine to imine redox couple. An
additional irreversible process at an Epc = -174 mV is attributed Co II/CoIII couple.
Likewise, the ruthenium complex 3 exhibits two waves at a half wave potential of E1/2 = 1609 and -2050 mV which are related to ligand based processes. Another process at 600
mV is credited to Ru II/RuIII redox couple comparable to the previously published
compound.14
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Figure 5.2. Cyclic voltammogram of complexes 2 and 3
5.3.3 Amphiphilic Properties and Film Formation
The surfactancy of the complexes 1-3 were studied by means of compression
isotherms plotting surface pressure (Π, mN/m) vs. area per molecule (A, Å2) and
Brewster angle microscopy. The compression isotherm gives information about the 2D
behavior of the LB film at the air-water interface. The compression isotherm indicates the
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presence of mono or multilayers, collapse pressures and average area per molecule.
Figure 5.3 displays the results for the iron, cobalt, and ruthenium complexes. Recent
studies have shown that longer alkyl chains (C 18) lead to an increase in collapse
pressures.
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Figure 5.3. Compression isotherms of complexes 1-3
Complex 1 starts interacting with the subphase at an area of ca. 202 Å2 with a
clear phase transition at a pressure of ca. 20 mN/m similar to the observation on other
copper complexes with the same ligand.9 The average limiting area of this compound is
ca. 92 Å2 obtained by extrapolating the steeper portion of the isotherm to zero pressure.
The film collapses at a pressure of ca. 45 mN/m. Complex 2 starts interacting with the
subphase at 152 Å2. However, the complex 2 do not show a phase transition and the film
collapses at 45 mN/m. The average limiting area per molecule is obtained by
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extrapolating the condensed phase region of the isotherm which is found to be 104 Å 2.
Similarly, individual molecules of the ruthenium complex 3 reveal an area of interaction
at ca. 175 Å2. No phase transition observed and shows a much higher collapse pressure of
ca. 65 mN/m. The average limiting area per molecule for this compound is ca. 150 Å2.
The critical areas of the compounds 1 and 2 are quite comparable yet the compound 1
shows a smaller limiting area per molecule which could be attributed to the imino nature
of the ligand in case of compound 1. However, the complex 3 shows a larger limiting
area influenced by a larger metal ion. All compounds display comparatively larger than
the calculated geometric area of the complexes. The critical molecular area is
significantly larger than the calculated geometric areas (about 80 Å2) of the complexes
which indicate that the polar head sits on the air/water interface in the form of a circular
disc with three long alkyls chains lying perpendicular to the air/water interface
symmetrically repelled from each other. Complexes 1 and 2 show a typical constant
pressure collapse while ruthenium complex 3 shows a constant area collapse. Studies
show that in monolayers of divalent metal (manganese, cobalt, cadmium, lead) the nature
of the metal ion determines whether the collapse happens at constant area or pressure.18
Here we observe the formation of plateau at the collapse for 1 and 2 which is the
signature of constant pressure collapse where the monolayers follow the Ries
mechanism19 of folding, bending and breaking into multilayers in contrast with the
analogues ruthenium complex. The collapse pressures of these complexes are greater than
most other metal surfactant complexes.
The BAM micrographs of 1-3 are shown in the Figure 5.4. The iron complex 1
displays very dark Newton rings at lower surface pressure which then transform to a
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highly homogenous film after 10 mN/m. The film collapses with a similar feature
observed before compression. Multiple domains are found before the compression of the
compound 2. At around 30 mN/m, homogenous but a rough surface is seen which may be
due formation of multilayer. The monolayer collapses at a compression pressure of about
49 mN/m with the formation of island like features. Similarly, the micrographs the
compound 3 shows several organized domains at lower compression pressures. After 10
mN/m these domains are replaced by a smooth homogeneous monolayer. The monolayer
is stable up to a surface pressure of about 65 mN/m. The film collapses with the
formation of linearly oriented bright domains almost resembling a crack.

Figure 5.4. BAM images of complexes 1-3
5.3.4 IRRAS Studies on the LB Films
Figure 5.5 shows the IRRAS spectra of the complexes 1-3. The CH2 band at
around 2919 and 2851 cm-1 in the LB film of the complex 1-3 does not change position
on compression and is located at the same wavenumber as the bulk. This indicates
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compact packing of the molecules on the substrate with trans conformation of all the
alkyl chains.20
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108
5.4 Conclusion
Three octahedral amphiphilic metal complexes of bivalent iron, cobalt, and
ruthenium were synthesized and characterized by infrared and UV-visible spectroscopies,
mass spectrometry, and elemental analysis. The redox properties were studied by cyclic
voltammetry. Their film forming ability was assessed by Langmuir-Blodgett technique
and Brewster angle microscopy. The films were transferred to gold coated glass plates
and were characterized by IRRAS technique. Complex 1 do not show good redox
behavior, however complex 2 shows a quasireversible ligand based process at E1/2 = 1379 mV and complex 3 shows two ligand related processes at E1/2 = -1609 and -2050
mV and RuII/RuIII couple at 600 mV. All the complexes reveal excellent film formation
properties with complex 3 exhibiting the highest performance. The IRRAS studies
display the presence the CH stretching bands at around 2850-2925 cm -1.
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Chapter 6
INVESTIGATION OF THE SURFACE PROPERTIES OF PHOTO-ACTIVE
Ru(II)-CONTAINING AMPHIPHILES
Note: This work was published as the following citation: Lesh, Frank D.; Allard, Marco
M.; Shanmugam, Rama; Hryhorczuk, Lew, M.; Endicott, John, F.; Schlegel, H.
Bernhard; Verani, Cláudio N. “Investigation of the Electronic, Photosubstitution, Redox,
and Surface Properties of New Ruthenium(II)-Containing Amphiphiles”. Inorganic
Chemistry, 2011, 50, 969-977. My work contribution is the surface studies involving
Langmuir-Blodgett and Brewster angle microscopy.
6.1 Introduction
Metallosurfactants encompass a new class of coordination compounds that merge
metal-related properties such as geometric control, redox, optical, and magnetic
behavior1,

2

with amphiphilic behavior.3 These materials are applicable for high-end

technologies involving optoelectronics,4 logic and memory operations,5,
luminescence and electron transfer.7,

8

6

and micellar

Therefore, the combination of amphiphilic

properties to antennae constituents is a pertinent step toward the development of
metallosurfactant precursors for photo-responsive films for artificial photosynthesis. In
this view, ruthenium bipyridyl complexes [Ru II(bpy)2]2+ have received significant notice
because of their superior photosensitizing properties and their relevance toward water
oxidation. In recent years, our group has spearheaded towards a comprehensive effort
toward redox-active precursors for Langmuir-Blodgett films. We have established a wide
range of differentiated scaffold designs,9,

10

studied their redox and collapse

mechanisms,11 and demonstrated how coordination and protonation preferences dictate
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amphiphilic behavior.12 We have visualized the combination of the photo-responsive
[RuII(bpy)2]2+ to bidentate amphiphilic ligands with imino/aminomethyl-pyridine and phenol headgroups. In this chapter, we evaluate a new family of asymmetric
[RuII(L)(bpy)2]+/2+

metalloamphiphiles,

namely,

[Ru II(LPY18I)(bpy)2](PF6)2

(1),

[RuII(LPY18A) (bpy)2](PF6)2 (2), [RuII(LPhBuI) (bpy)2](PF6) (3), and [RuII(LPhClI)
(bpy)2](PF6) (4) (Scheme 6.1), where PY = pyridine and Ph = phenolate, I = imine and A
= amine, and tert-butyl or Cl indicates the ortho- and para-substituted tert-butyl or chloro
groups in the phenolate complexes.

Scheme 6.1. Series of pyridine- and phenolate-based ruthenium(II)containing amphiphiles
In this work, we investigated the electrochemical properties of these systems to
evaluate the nature of the redox processes, the optical, electronic properties, electronic
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properties to evaluate the photostability and excitability (emission) of these species, and
the amphiphilic properties to evaluate the potential for formation of ordered LB films. In
particular, we assess the presence of C18 alkyl groups for the formation of high-quality
Langmuir films at the air/water interface. The electronic, optical, electrochemical,
photostability, and excitability studies of these complexes were presented in the reference
cited in the page 152 of this chapter.13 In this chapter, the amphiphilic properties and the
Langmuir-Blodgett film formation studies of these ruthenium based complexes will be
discussed in detail.
6.2 Amphiphilic Properties
Monolayer studies were carried out using an automated KSV 200 minitrough at a
temperature of 18 ± 0.5 ºC. Since compounds 1 and 2 are found to be partially soluble in
the pure water subphase, a 0.1 M NaCl solution (pH ≈ 5.0) was prepared using ultrapure
water (Barnstead NANOpure) with a resistivity of about 18.2 MΩ/cm and was used as
the subphase in each of the experiments. The surface of the subphase was cleaned by
vacuum suction after barrier compression. Spreading solutions of a known concentration
(1.0 mg/mL) and a known quantity (30 μL), prepared in spectra grade chloroform, were
then introduced on the clean aqueous subphase. The system was then allowed to
equilibrate for 15 min before monolayer compression. The compression isotherms were
obtained at a compression rate of 10 mm/min. The surface pressure was measured using
the Wilhelmy plate (paper plates 20 mm×10 mm) method. The selected isotherms
represent the average of at least three independent measurements with excellent
reproducibility. Brewster angle micrographs were taken simultaneously with the
compression isotherm using a KSV-Optrel BAM300 equipped with a HeNe laser (10mW,
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632.8mm) and a CCD detector. The field of view was 800 × 600 μm and the lateral
resolution was about 1 μm.
The amphiphilic behavior of the metallosurfactants 1-4 was analyzed by means
of compression isotherms14 and Brewster angle microscopy (BAM).15, 16 Langmuir film
formation is monitored following the spreading of solutions of the amphiphiles, dissolved
in an immiscible organic solvent, onto the aqueous subphase of a minitrough with
moveable barriers. As these barriers move closer to each other, compression isotherms
plotting surface pressure (Π, mN/m) versus average molecular area (A, Å 2) grant
fundamental information concerning the two dimensional molecular organization of the
monolayer at the air/water interface, collapse pressures (Π c), limiting areas per molecule
(Alim), and monolayer collapse areas (Ac). Simultaneously Brewster angle microscopy
evaluates film homogeneity, domain and agglomerate formation upon passing vertically
polarized light through media possessing different refractive indexes.
Given that the pyridyl-containing ruthenium amphiphiles 1 and 2 showed some
solubility in water, complex dissolution was prevented by increasing the ionic strength by
using a 0.1 M aqueous sodium chloride solution as the subphase. The compression
isotherms measured for 1 and 2 (Figure 6.1) indicate the formation of well-defined
condensed phase regions and distinct collapse pressures; properties characteristic of the
formation of stable monolayer films. The individual molecules of both pyridyl-containing
amphiphiles start interacting at the air/water interface at an area of about 235
Å2/molecule to form an expanded phase. No phase transitions were observed, and 1
presents a collapse pressure of about 29 mN/m, while 2 shows a collapse pressure of
about 32 mN/m. Amphiphiles 1 and 2 both demonstrate a sudden decrease in surface
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pressures, which is a trait typical of constant-area collapse mechanisms.17,

18

Collapse

areas for these species were obtained by extrapolating the steepest portion of the isotherm
to zero pressure, which have been determined to be 125 and 120 Å2/molecule for 1 and 2,
respectively. Close structural resemblances can be attributed to the similar interactions
observed by the molecules of both complexes at the air/water interface.
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Figure 6.1. Compression isotherms of the metallosurfactants 1 and 2
Isothermal compressions for the phenolato-containing ruthenium amphiphiles 3
and 4 were recorded in a 0.1 M NaCl aqueous subphase (Figure 6.2). Although these
species are insoluble in water, this subphase was selected to keep consistency. Single
molecules of the tert-butyl-substituted 3 start interacting at the air/water interface at
ca.170 Å2/molecule, whereas the molecules of the chloro-substituted 4 interact at a lower
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area of ca. 107 Å2/molecule. These species do not show distinct phase transitions and
display well-defined condensed phase regions until the collapse pressure is reached.
Similar surface collapse pressures of ca.39 mN/m were observed for 3 and 4. However,
the tert-butyl-substituted 3 shows an isothermal profile similar to a constant-pressure
collapse mechanism, and the chloro-substituted counterpart 4 presents a constant area
collapse mechanism. Both mechanisms follow the Ries sequence 19 of folding, bending,
and breaking into multilayers.20 Amphiphile 4 confers a moderately sharp area of
interaction relative to the other complexes in this series. The limiting areas per molecule
for 3 and 4 reach ca. 120 and 100 Å2/molecule, respectively. The similar limiting areas
per molecule for 1-4 are greater than the expected values and can be accounted for by the
increased ionic strength of the subphase, suggesting some tilting of the alkyl chains. 13
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Figure 6.2. Compression isotherms of the metallosurfactants 3 and 4
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Representative Brewster angle micrographs have been recorded simultaneously
along with the isothermal compressions for 1-4 (Figures 6.3 and 6.4). Complexes 1 and 2
reveal multiple domains before compression and at pressures lower than 4 mN/m. The
pyridyl-imine complex 1 exhibits a smooth and homogeneous film throughout
compression. Formation of minor domains at ca. 29 mN/m suggests collapse, directly
correlating to the isothermal compression data. Likewise, the pyridyl-amine complex 2
shows a homogeneous monolayer until collapse is reached at ca. 32 mN/m. The
molecules of the phenolate-containing 3 and 4 form random domains before compression
and evolve to smooth, non-corrugated films. At a pressure of ca. 35 mN/m collapse is
evident via the formation of several spots interpreted as either Newton rings or vesicles
suggestive of thermodynamic film instability.21

Figure 6.3. BAM images of complexes 1 and 2
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Figure 6.4. BAM images of complexes 3 and 4
6.3 Summary
In this chapter, the new family of pyridyl- and phenolato-containing amphiphiles
such

as

[(LPY18I)RuII(bpy)2](PF6)2

(1),

[(LPY18A)RuII(bpy)2](PF6)2

(2),

[(LPhBuI)RuII(bpy)2](PF6) (3), and [(LPhClI)RuII(bpy)2](PF6) (4) were described. The
capability of these species as precursors for photo-responsive Langmuir-Blodgett films
was evaluated. Complexes 1-4 are surface active and are strong candidates for the
formation of monolayer films, as characterized by compression isotherms and Brewster
angle microscopy. The collapse pressures are fairly high at about 29 - 32 mN/m for 1 and
2 and about 39 mN/m for 3 and 4. Relative solubility in water for 1 and 2 requires the
presence of an aqueous NaCl subphase for proper film formation. Knowledge gained
from this effort provides relevant insight toward the integration of amphiphilic properties
in the design of photo-responsive precursors for modular films aimed at artificial
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photosynthetic processes. Our laboratories are currently working on the deposition of
Langmuir-Blodgett (LB) films and their photo-physical characterization. Integration of
[catalytic centers/antennae] into LB films is also under development.
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Chapter 7
AMPHIPHILIC, REDOX, AND ELECTRONIC PROPERTIES OF Ni(II) AND
Cu(II) COMPLEXES WITH A SERIES OF HALOGEN SUBSTITUTED
PHENOLATO LIGANDS
7.1 Introduction
Interest in amphiphilic materials is related to applications towards molecular
electronics1 and magnetic films.2 Molecular components fabricated on the nanoscale,
offer new possibilities for electronic devices such as molecular transistors, 3 receptors,4
and polymers.5 Our research group has been effectively working on the building blocks
necessary to achieve an understanding of the fundamental design principles that lead to
the fabrication of metal-containing amphiphilic materials in a rational manner. We are
primarily concerned with metal-containing complexes with asymmetric bidentate and
tetradentate aminophenolate moieties with dissimilar donor sets, which allow for control
of the redox, magnetic, and spectroscopic properties of the materials.6- 8
Towards this goal, our group has demonstrated that stimulus-responsive Langmuir
films composed of copper(II) salicylaldehydes precursors present multiple redox states. 9.
It is well documented that ligands with tert-butyl substituted phenolates10-13 promise the
requisite phenolate/phenoxyl bistability14-16 that is fundamental for molecular switches.
While the redox properties are good, it is imperative that we establish a good balance
between redox and amphiphilic behavior for Langmuir films.9 The tert-butyl groups used
on the headgroups tend to decrease the hydrophilicity of the entire species. Therefore, the
work described in this chapter explains how incorporation of more polar substituents such
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as chloro-, bromo-, and iodo- groups (Scheme 7.1) affect the properties of the Langmuir
films in the Cu and Ni species.

Scheme 7.1. The Ligands and their metal complexes
It is very important to comprehend how altering the polarity of the headgroups in
these systems will affect the overall performance of the redox properties as well as the
Langmuir film formation. Nagel et. al.,17 applied this notion to metallosurfactants while
pointing to the significance of polar substituent attached to the headgroup in order to
attain organized monolayers. It was shown that flat molecules such as hydroxyls attached
to the phenolates would give better surface properties.17 Moreover, in the work published
from our group, it has been shown that chloro- , bromo-, and iodo- substituted phenolates
might be able to deliver redox phenolate/phenoxyl bistability. 18,

19

We bring together

these concepts and report on the Langmuir film properties of halogen-substituted
aminophenolate complexes.
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7.2 Experimental Section
7.2.1 Ligand Syntheses
One equivalent of 3,5-dichloro-, 3,5-dibromo-, or 3,5-diiodo-2-hydroxybenzaldehyde

was

reacted

with

one

equivalent

of

1-octadecylamine

in

dichloromethane/methanol (1:1) for 2 hours at 30 ºC resulting in the formation of a
yellow imine. The amine ligands HLCl, HLBr, and HLI were prepared by reducing with
three equivalents of sodium borohydride in dichloromethane/methanol (1:1) at 0 ºC for 2
hours. The resulting ligand was isolated by suction filtration and washed with plenty of
cold methanol and recrystallized in dichloromethane/methanol mixture (1:1) to afford a
pure pale to dark yellow precipitate. Ligand characterizations are summarized within.
HLCl. Yield: 89 %. m.pt.: 92-93 ºC. 1H- NMR [400 MHz, CDCl3, 300K] δ/ppm = 0.86 [t,
3H, (alkyl chain-CH3)], 1.24 [m, 30H, (alkyl chain)], 1.52 [m, 2H, (long chain-CH 2-],
2.15 [s, 1H, (HN-C-], 2.64 [t, 2H, (alkyl chain-CH 2-]; 3.96 [s, 2H, (-N-CH2-Ar)], 6.86 [d,
1H, (ar)], 7.22 [d, 1H, (ar)]. IR (KBr, cm-1): 3311 (νN-H from amine), 2850-2923 (νC-H
from alkyl chain). ESI pos. in MeOH: m/z = 444.3 [HL+H]+.
HLBr. Yield: 90 %. m.pt.: 113-115 ºC. 1H- NMR [400 MHz, CDCl3, 300K] δ/ppm = 0.85
[t, 3H, (alkyl chain-CH3)], 1.22 [m, 30H, (alkyl chain)], 1.50 [m, 2H, (long chain-CH 2-],
2.14 [s, 1H, (HN-C-], 2.62 [t, 2H, (alkyl chain-CH 2-]; 3.93 [s, 2H, (-N-CH2-Ar)], 7.02 [d,
1H, (ar)], 7.51 [d, 1H, (ar)]. IR (KBr, cm-1): 3312 (νN-H from amine), 2849-2922 (νC-H
from alkyl chain). ESI pos. in MeOH: m/z = 532.3 [HL+H]+.
HLI. Yield: 90 %. m.pt.: 147-149 ºC. 1H- NMR [400 MHz, CDCl3, 300K] δ/ppm = 0.87
[t, 3H, (alkyl chain-CH3)], 1.23 [m, 30H, (alkyl chain)], 1.67 [m, 2H, (long chain-CH 2-],
2.14 [s, 1H, (HN-C-], 2.62 [t, 2H, (alkyl chain-CH 2-]; 3.88 [s, 2H, (-N-CH2-Ar)], 7.44 [d,
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1H, (ar)], 7.87 [d, 1H, (ar)]. IR (KBr, cm-1): 3306 (νN-H from amine), 2851-2918 (νC-H
from alkyl chain). ESI pos. in MeOH: m/z = 628.3 [HL+H]+.
7.2.2 Complex Syntheses
Caution!
Perchlorate salt precursors are potentially explosive. Proper precautions should
be taken for the synthesis. However, the synthesized metal complexes are not explosive.
Treatment of 2 moles of the ligands and 6 moles triethylamine in
methanol/dichloromethane (1:1) with 1.1 moles of hydrated nickel(II) perchlorate and
copper(II) perchlorate at 35 ºC for 1 hour afforded the complexes 1-6 which were isolated
using vacuum filtration and washed with plenty of cold methanol and dried overnight in a
desiccant chamber under vacuum. The complexes were recrystallized in a mixture of
dichloromethane and methanol to yield a crystalline product. Below are the characterized
results for the complexes 1-6.
[NiII(LCl)2] (1). Yield = 90%. m.pt.: 88-90 ºC. Anal. Calcd. for [C50H84Cl4NiN2O2]: C,
63.50, H, 8.95, N, 2.96. Found C, 63.21, H, 8.82, N, 3.04%. IR (KBr, cm -1 ): 3243 (νN-H
from amine), 2850, 2920 (νC-H from alkyl chain). ESIMS (MeOH): m/z = 945.5 for [1 +
H+]+. 1H- NMR [400 MHz, CDCl3, 300K] δ/ppm = 0.86 [t, 6H, (alkyl chain-CH3)], 1.25
[m, 60H, (alkyl chain)], 1.52 [m, 4H, (long chain-CH 2-], 2.16 [s, 2H, (HN-C-], 2.92 [t,
4H, (alkyl chain-CH2-]; 4.54 [s, 4H, (-N-CH2-Ar)], 6.72 [d, 2H, (ar)], 7.25 [d, 2H, (ar)].
[NiII(LBr)2] (2). Yield = 78%. m.pt.: 104-107 ºC. Anal. Calcd. for [C 50H84Br4NiN2O2]: C,
53.45, H, 7.54, N, 2.49. Found C, 61.94, H, 7.44, N, 2.58%. IR (KBr, cm-1 3343 (νN-H
from amine), 2849, 2918 (νC-H from alkyl chain). ESI (MeOH): m/z = 1122.3 for [2 +
H+]+.
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[NiII(LI)2] (3). Yield = 77%. m.pt.: 79-81 ºC. Anal. Calcd. for [C50H84I4NiN2O2]: C,
45.79, H, 6.46, N, 2.14. Found C, 45.54, H, 6.23, N, 2.07%. IR (KBr, cm-1 ): 3282 (νN-H
from amine), 2849, 2920 (νC-H from alkyl chain). ESIMS (MeOH): m/z = 1311.2 for [3 +
H+]+.
[CuII(LCl)2(H2O)] (4). Yield = 78%. m.pt. = 99-101 ºC. Anal. Calcd. for
[C50H84Cl4CuN2O2•H2O]: C, 62.00, H, 8.95, N, 2.89. Found C, 61.94, H, 8.70, N, 2.97%.
IR (KBr, cm-1): 3310 (νN-H from amine), 2853, 2923 (νC-H from alkyl chain). ESI
(MeOH): m/z = 986.4 for [4 + K+]+.
[CuII(LBr)2] (5). Yield = 71%. m.pt. = 106-109 ºC. Anal. Calcd. for [C50H84Br4CuN2O2]:
C, 53.22, H, 7.50, N, 2.48. Found C, 53.27, H, 7.38, N, 2.45%. IR (KBr, cm -1) 3308 (νN-H
from amine), 2851, 2919 (νC-H from alkyl chain). ESI (MeOH): m/z = 1146.2 for [5 +
Na+]+.
[CuII(LI)2(H2O)] (6). Yield = 79%. m.pt. = 116-119 ºC. Anal. Calcd. for
[C50H84I4CuN2O2•H2O]: C, 45.00, H, 6.50, N, 2.10. Found C, 44.64, H, 6.07, N, 2.09%.
IR (KBr, cm-1) 3300 (νN-H from amine), 2851, 2920 (νC-H from alkyl chain). ESI (MeOH):
m/z = 1338.3 for [6 + Na+]+.
7.3 Results and Discussion
The ligands HLCl, HLBr, and HLI were synthesized by reacting respective
substituted salicyaldehydes with 1-octadecylamine in the ratio 1:1 in methanol to form
their respective Schiff base followed by reduction using 3 equivalence of sodium
borohydride at 0 ºC. Treatment of 2 equivalents of the so obtained ligands with one
equivalent

of

hydrated

nickel(II)

perchlorate

and

copper(II)

perchlorate

in

methanol/dichloromethane (1:1) in the presence of 3 equivalents of triethylamine resulted

131
in the formation of the appropriate complex (1-6) in good yields. These species were
characterized by several spectroscopic methods. NMR spectroscopy reveals a multiplet at
ca. 1.28 ppm which we ascribe to the octadecyl chain. IR spectra show two intense bands
at ca. 2850 cm –1 and 2920 cm –1 corresponding to the vC-H stretch of the octadecyl chain,
and a weak broad band for the N-H stretch at ca. 3300 cm

–1

. These ligands were

coordinated to a nickel(II) or copper(II) ion to give complexes 1-6. The lack of the
characteristic perchlorate ion band at ca. 1090 cm-1 suggests that both ligands are
deprotonated. Additional validation is the ESI mass spectra (positive ion mode) of the
isolated complexes 1 - 6 showing relevant m/z peaks at 945.5 for [1 + H+]+, 1122.3 for [2
+ H+]+, 1311.2 for [3 + H+]+, 986.4 for [4 + K+]+, 1146.2 for [5 + Na+]+, and 1338.3 for [6
+ Na+]+.The ESI mass spectra of 1-6 are in good agreement with the proper simulated
isotopic distribution. Elemental analyses results are consistent with the calculated
formulations. X-ray quality crystals of complexes 1 and 4 were obtained by
recrystallization in a dichloromethane/isopropanol mixture (1:1). It can be concluded that
there are two deprotonated halogenated-phenolate ligands coordinated to a metal center
without the essence of any counterions.
7.3.1 X-ray Structures
Both complexes 1 and 4 were analyzed by single crystal diffraction methods and
their molecular structures are displayed in Figure 7.1. Complex 1 shows two
deprotonated ligands coordinated to the nickel(II) center in a pseudo square-planar
environment where the O–Ni–O angles deviate slightly from 90.0 ºC. The ligands are
positioned trans to one another, and the molecules adopt a D2h local symmetry.
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The bond lengths of the [N,O]–Ni–[N,O] coordination sphere are in good
agreement with similar species reported in the literature,21 where Ni–Namine bonds are
longer than Ni–Ophenolate. However, the Ni–N (2) bond is longer than Ni–N(1) and Ni–
O(1) is slightly longer than Ni–O(2).

Figure 7.1. ORTEP representation at 50% probability for 1 and 4. Selected bond
lengths (Å) for 1: Ni(1)-N(1) = 1.9183; Ni(1)-N(2)=1.9312; Ni(1)-O(1)=1.8428; Ni(1)O(2)=1.8356; C-CRing(avg) = 1.412; C-CChain(avg) = 1.525; Bond angles (º) for 1: O2-Ni1O2=174.9; O(2)-Ni(1)-N(1)=83.04; O(1)-Ni(1)-N(1)=96.00; O(2)-Ni(1)-N(2)=95.87;
O(1)-Ni(1)-N(2)=85.70; N(1)-Ni(1)-N(2)=172.72(3).Selected bond lengths (Å) for 4:
Cu(1)-O(1)=1.9166; Cu(1)-O(2)=1.9310; Cu(1)-N(1)=2.0377; Cu(1)-N(2)=2.0565;
Cu(1)-O(3)=2.3464; C-CRing(avg) = 1.389; C-CChain(avg) = 1.522. Bond angles (º) for 4:
O(1)-Cu(1)-O(2)=168.00; O(1)-Cu(1)-N(1)=91.13; O(2)-Cu(1)-N(1)=88.27; O(1)-Cu(1)N(2)=87.64; O(2)-Cu(1)-N(2)=92.39; N(1)-Cu(1)-N(2)=177.07; O(1)-Cu(1)-O(3)=94.34;
O(2)-Cu(1)-O(3)=97.60; N(1)-Cu(1)-O(3)= 98.68; N(2)-Cu(1)-O(3)=84.06.
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The coordination environment of 4 differs because water is coordinated to the Cu II
center. A square-pyramidal geometry can be inferred from the τ value22, 23 of 0.15. The
molecule presents C2v local symmetry with the two ligands lying trans to each other. The
Cu–O and Cu–N bonds of the two ligands are not identical in their respective lengths.
Bond lengths and angles are in good agreement with similar structures. 24 The selected
bondlengths and bond angles are shown in Table 7.1.
Table 7.1. Crystallographic data of the complexes 1 and 4
Empirical Formula

C 50H84Cl4NiN2O2

C53H94Cl4CuN2O4

Formula Weight

945.70

1028.64

Temperature

100(2) K

100(2) K

Crystal System, Space Group

Triclinic, P-1

Triclinic, P-1

a (Å)

8.6694(2)

11.4826(3)

b(Å)

12.2737(3)

11.8009(3)

c(Å)

25.2492(6)

45.6130(12)

α (deg)

86.3650(10)

87.4770(10)

β(deg)

84.4650(10)

83.6170(10)

γ(deg)

69.5640(10)

67.8590(10)

λ(Å)

0.71073

0.71073

V(Å3)

2504.56(10)

5689.5 (3)

Z

2

4

Calculated Density(mg/m3)

1.254

1.201

μ(mm-1)

0.640

0.614

Final R indices [I>2σ(I)]

R1 = 0.0324,
wR2 = 0.0828

R1 = 0.0441,
wR2 = 0.0957

R indices (all data)

R1 = 0.0446,
wR2 = 0.0867

R1 = 0.0677,
wR2 = 0.1037

a

R(F) = Σ║Fo│– │Fc ║/│Fo│; Rw(F) = [Σw(Fo2 – Fc2)2/Σw(Fo2)2]1/2 for I>2σ(I)
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7.3.2 Electronic Spectra
The electronic spectra of 1-6 were measured in dichloromethane as a
characterization tool for the new amphiphiles. Figure 7.2 displays the UV-visible spectra
of the copper and nickel containing amphiphiles.
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Figure 7.2. UV-visible spectra of compounds chloro-substituted complexes 1 and 4 in
1×10-4 M CH2Cl2 solutions
The spectra reveal a very intense band at 250–280 nm which we attribute to
ligand σ→Π* and/or Π→Π* transitions, and a much less intense d-d band around 600–
800 nm. The nature of the bands at 360–490 nm have been assigned to the intra-ligand,
metal-to-ligand, and ligand-to-metal charge transfers.25-29 The band observed from 309–
320 nm is due to LMCT arising out of O→M II and the band from 360–435 nm with a
smaller extinction coefficient can be attributed to the N→MII charge transfer.30 The
N→NiII charge transfer band for the chloro- 1 and bromo-substituted nickel complexes 2
is located at 362 nm whereas this band is red shifted to 427 nm in case of the iodo-
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substituted counterpart 3. Similarly, on comparing the LMCT band from the chlorosubstituted copper complex 4 to bromo-substituted 5, there is ca. 45 nm hypsochromic
(blue) shift whereas when comparing from bromo-substituted 5 to iodo-substituted 6,
there is ca. 15 nm bathochromic (red) shift. The UV-visible data for the complexes 1-6
are shown in the Table 7.2.
Research by Einaga et. al.31 shows that the nature and presence of the halogens do
not play a role in the electronic properties; instead it is the number of halogen
substituents on the ring system. Therefore, the shift observed in the LMCT transfer bands
is attributed to the flexibility of the geometric core and not the effects of the halogen
substituents on the phenolate ring.
Table 7.2. UV-visible data for the complexes 1-6
λ (nm) / ε (M -1cm-1)a

Complexes
[NiII(LCl)2] (1)
[NiII(LBr)2] (2)
[NiII(LI)2] (3)
[CuII(LCl)2(H2O)] (4)
[CuII(LBr)2] (5)
[CuII(LI)2(H2O)] (6)
a

267(33000), 313(8300), 362(1440), 487(160), 600(130)
264(37900), 315(11400), 362(1880), 487(160), 600(130)
270(30500), 300(9750), 420(1000), 600(65)
256(21600), 300(16500), 350(2100), 412(1680), 645(250)
250(17000) 295(10500), 380(3200), 615(720)
260(31000), 310(17000), 394(2900), 645(250)

All solutions are 1.0 × 10-4 M in dichloromethane.

7.3.3 Redox Properties
The electrochemical behavior of complexes 1-6 was studied in dichloromethane
solutions to assess the redox potentials of the ligand and metal-centered processes. The
cyclic voltammograms in Figure 7.3 are plotted vs. the Fc+/Fc redox couple.
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Figure 7.3. Cyclic voltammetry of 1×10-3 M of 1, 2, 4, 5, and 6 vs. Fc+/Fc in
dichloromethane solutions with 0.1M TBAPF6 as a supporting electrolyte, using
Ag/AgCl as a reference electrode.
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All potential values for the complexes 1-6 are given for Epc, Epa, E1/21, E1/22, and
ΔEp in Table 7.3. In addition, a thorough study was performed to evaluate the
reversibility by cycling the metal-centered process 50 times. This cycling is fundamental
and proposed to suggest switching mechanisms that are crucial in responsive films.
Compounds 1 and 2 show a quasireversible ligand related process with a half-wave
potential of ca. 0.60 V. This potential is quite close to that observed by Thomas and
coworkers for the phenoxyl/phenolate redox couple in related nickel complexes with
similar binding moiety.32, 33 Species 3, however, does not show a well-resolved process
due to the presence of the iodo groups.
Table 7.3. Cyclic voltammetry data of the complexes 1-6
1×10-3 M CH2Cl2 Solutions
Complexes

E1/2
(mV)

ΔEp

[NiII(LCl)2] (1)

623

111

[NiII(LBr)2] (2)

648

130

[NiII(LI)2] (3)

____

___

[CuII(LCl)2(H2O)] (4)

-1230

278

[CuII(LBr)2] (5)

-1194

166

[CuII(LI)2(H2O)](6)

-1230

260

For 4-6, the ligand-centered processes appear to be irreversible with peak
separations ranging from 0.30 to 0.60 V, thus much larger than the separation of 0.20 V
observed for the Fc+/Fc couple under identical conditions. Thus, it appears that the
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halogen substituent make the phenolate oxidation less reversible than the tert-butyl
substituted phenolates.34-37 Interestingly, the copper(II)-based process that was
irreversible in the tert-butyl complexes previously reported is much more reversible for
the halogenated phenolato complexes 4-6. The potential for the ligand-centered processes
for the chloro- and iodo- substituted copper complexes remain almost the same, whereas
that for the bromo- substituted complex is shifted by 0.30 V due to the approximately
square pyramidal geometry. Halogens are considered π bases which act as strong σ
electron withdrawers and Π electron donors. Therefore, the halogens help donate electron
density to the copper(II) atom where then the +2 oxidation state of the copper ion is
further stabilized by the electron-withdrawing effect of the halogen groups. Similar
results were reported for FeIII/Fe II systems with diverse substituted phenolates where less
electron withdrawing methyl groups stabilize 3+ ions.38
This being the case, one can focus on the metal-reduction process, which appears
to give one reversible or quasi-reversible process that is associated with Cu II→CuI. As
seen in Figure 7.3, complexes 4-6 show excellent reversibility of the copper(II)-based
process with an average E1/2 ca. -1.2 V and ΔEp ranging from 0.16 - 0.27 V, respectively.
This is well within the peak potential separation considered as quasi-reversible process
for a CuII/CuI redox couple. It appears that the halogens on the phenolate stabilize the
electrochemical behavior of the copper(II)-centered process.
The switch-like behavior is essential for prospective uses in information storage
and appears to depend greatly on the adopted geometry by the central atom. Octahedral
systems tend to show limited switch-like cyclability, whereas four-coordinate square
planar systems give reversible processes.9 Several electrochemical experiments were
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attempted by cycling fifty times the copper(II)-centered process for 1-6 but all results
indicated a substantial amount of decay after the second cycle. The considerable decay is
probably due to the CuII→CuI couple which is a direct result of the extensive geometrical
reformation and charge balance implicated in the process.39 These results suggest that the
four-coordinate geometry in non-coordinating solvents for the Cu II → CuI couple allows
for reversibility but not cyclability.
7.3.4 Behavior at the Air/Water Interface
It has been shown in our group that amphiphilic activity depends on a balance
between hydrophobic and hydrophilic properties. Therefore, ways of enhancement were
well thought-out in the design of surfactants based on halogenated-phenolate copper(II)
headgroups. Furthermore, recent studies have shown that longer octadecyl chains tend to
lead to an increase of collapse pressures. Thus, the amphiphilic properties of complexes
1-6 were were examined by way of compression isotherms plotting surface pressure (Π,
mN/m) vs. average area per molecule (A, Å2), and by Brewster angle microscopy (BAM)
(Figure 7.4, 7.5, and 7.6). The tension (γ) of the air-water interface, as the barriers of the
trough are compressed, in the company of the amphiphilic species is decreased as
compared to the absence of the species at the air-water interface where the γ 0 = 72 mN/m
at 23 oC. This results in a direct increase in Π (= γ0 – γ) in the compression isotherms
which provides 2D behavior of the resulting Langmuir film, while concurrently, real-time
BAM is used to classify structures such as agglomerates and domains in films at the
air/water interface.
The compression isotherms and Brewster angle micrographs were examined for
all the complexes. All measurements were taken at least three times with excellent
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reproducibility within 2% error limit. Complexes 1 and 2 start interfacial interactions at
average areas of ca. 115 Å2 and 89 Å2 respectively.
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Figure 7.4. Compression isotherms complexes 1-6. Inset: BAM image of 3
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Complex 1 shows an inflection point at 14 mN/m indicative of a phase transition
which is observed as domains in the BAM image. The film is homogenous until this
infection point is reached, after which the domains are observed until a collapse pressure
of 20 mN/m is reached. The bromo-substituted complex 2 shows no such phase
transition, however, after 15 mN/m is reached formation of very faint domains were
observed. This complex shows a slightly better collapse pressure of 28 mN/m.
The iodo-substituted nickel complex 3 shows no amphiphilic character at the
air/water interface. Complexes 4 and 5 start interfacial interactions at average areas ca.
99 Å2 and 96 Å2, respectively. An inflection point is observed for 4 at ca. 20 mN/m
indicative of a phase transition with an average collapse area of ca. 98 Å2. The opposite
evaluation is made for 5, where no inflections indicative of phase transitions are
observed, and a high pressure of 43 mN/m is reached. The resulting Langmuir film of 4
shows homogenous film formation until ca. 20 mN/m and the presence of numerous
Newton rings after the inflection point ca. 28 mN/m is suggestive of multilayer formation
or collapse.The Langmuir film of 5 at ca. 21 mN/m show improved and at ca. 28 mN/m
the presence of numerous Newton rings is indicative of multilayer formation. Complex 6
shows interfacial molecular interactions beginning at an average area ca. 102 Å2. One
inflection point is observed for 6 at a low pressure of ca. 7 mN/m which relates to a phase
transition with an average collapse pressure of ca. 13 mN/m. The Brewster angle
micrograph for 6 at ca. 6 mN/m shows homogenous film formation whereas after the
inflection point ca. 10 mN/m the presence of multiple Newton rings is observed which
suggests the formation of multilayer or collapse.
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Figure 7.5. Brewster angle micrographs of nickel complexes 1 and 2

Figure 7.6. Brewster angle micrographs of the copper complexes 4-6
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7.3.5 IRRAS Studies on the Langmuir-Blodgett Monolayers
IRRAS experiments have been performed to obtain additional information on the
film formation. Figure 6.7 shows the IRRA spectra of monolayers and the bulk sample
for comparison of the bromo-substituted nickel and copper complexes.

Figure 7.7. IRRAS of complexes 2 and 5 monolayers at 15 mN/m.
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The spectra of the monolayers show a prominent band at 3280 cm –1 which is
attributed to the OH stretch of water which is a characteristic feature of the IRRA spectra.
The symmetric and asymmetric CH2 stretching vibrations are observed in the region
between 2840 and 2975 cm–1. The CH stretching bands of the bulk nickel complex 2 are
observed at 2918 and 2849 cm–1 and that of the copper complex at 2920 and 2851 cm–1.
However, those of the films are observed at 2922 and 2852 cm –1 for the complex 2 and
2924 and 2853 cm–1 for the complex 5 measured at an angle of incidence of 30-60
degrees. This slight shift of the CH2 band can be attributed to a looser packing of the
molecules. The observed band positions clearly indicate a loosely packed monolayer with
all trans conformation of the alkyl chains.40
7.4 Summary and Conclusions
In this chapter, we have developed a series of amphiphilic and redox-responsive
complexes. Complexes were analyzed by way of spectroscopic, spectrometric, elemental,
electrochemical techniques, and amphiphilic properties were analyzed by compression
isotherms and Brewster angle microscopy. The replacement of the tert-butyl groups by
halogens enhances the polarity of the headgroups thereby preserving the redox property.
All the species contain a hydrophilic copper/nickel containing core, hydrophobic
octadecyl tails, and present a potential as precursors for Langmuir-Blodgett films.
Furthermore, the nickel complexes 1 and 2 show quasi-reversible ligand based process
and all the copper complexes show good reversibility of the copper(II)-based process.
However, increasing the polarity of these bidentate [N,O] type ligands by varying the
substituent on the phenolate rings showed a compromising behavior at the air/water
interface with a maximum collapse pressure of 28 mN/m observed for the bromo-
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substituted nickel and copper amphiphiles. The iodo-substituted amphiphiles however
showed no amphiphilicity in case of nickel and very feeble amphiphilicity in case of
copper. From these results, it can be concluded that an improved flexibility of the core
and altering the substituent on the 4- and 6- position of the phenol ring helps to maintain
the desired redox property with a very slight improvement in the amphiphilicity. The
IRRAS of the LB monolayers show a shift in CH bands which could be attributed to the
tight packing of the molecules.

146
REFERENCES
1. Fujigaya, T.; Jiang, D. L.; Aida, T., Switching of Spin States Triggered by a Phase
Transition: Spin-Crossover Properties of Self-Assembled Iron(II) Complexes
with Alkyl-Tethered Triazole Ligands. J. Am. Chem. Soc. 2003, 125, 14690.
2. Talham, D. R., Conducting and Magnetic Langmuir-Blodgett Films. Chem. Rev.
2004, 104, 5479.
3. Park, J.; Pasupathy, A. N.; Goldsmith, J. I.; Chang, C.; Yaish, Y.; Petta, J. R.;
Rinkoski, M.; Sethna, J. P.; Abruna, H. D.; McEuen, P. L.; Ralph, D. C.,
Coulomb Blockade and the Kondo Effect in Single-Atom Transistors. Nature
2002, 417, 722.
4. Crowley, J. D.; Steele, I. M.; Bosnich, B., Supramolecular Recognition Forces:
An Examination of Weak Metal−Metal Interactions in Host−Guest Formation.
Inorg. Chem. 2005, 44, 2989.
5. Hjelm, J.; Handel, R. W.; Hagfeldt, A.; Constable, E. C.; Housecroft, C. E.;
Forster, R. J., Conducting Polymers Containing In-Chain Metal Centers:
Electropolymerization of Oligothienyl-Substituted {M(tpy)2} Complexes and in
Situ Conductivity Studies, M = Os(II), Ru(II). Inorg. Chem. 2005, 44, 1073.
6. Tojal, J. G.; Donnadieu, B.; Costes, J. P.; Serra, J. L.; Lezama, L.; Rojo, T.,
Spectroscopic Properties of Iron Thiosemicarbazone Compounds. Structure of
[Fe(C7H7N4S)2]·1.25H2O. Inorg. Chim. Acta 2002, 333, 132.
7. Scarpellini, M. ; Neves, A.; Bortoluzzi, A. J.; Vencato, I.; Drago, V.; Ortiz, W.
A.; Zucco, C.,

A New FeIII(μ-OCH3)2(μ-OAc)FeIII Complex Containing

147
Phenolate and Imidazole Ligands as a Structural Model for the Active Site of
Non-Heme Diiron Enzymes. J. Chem. Soc., Dalton Trans. 2001, 2616.
8. Burrows, R. C.; Bailar Jr., J. C., Iron(III) and Cobalt(III) Complexes of Some NSalicylideneamino Acids. J. Am. Chem. Soc. 1966, 88, 4150.
9. Hindo, S. S.; Shakya, R.; Rannulu, N. S.; Allard, M. M.; Heeg, M. J.; Rodgers, M.
T. ; da Rocha, S. R. P.; Verani, C, N., Synthesis, Redox, and Amphiphilic
Properties of Responsive Salycilaldimine-Copper(II) Soft Materials. Inorg. Chem.
2008, 47, 3119.
10. Lanznaster, M.; Hratchian, H. P.; Heeg, M. J.; Hryhorczuk, L. M.; McGarvey, B.
R.; Schlegel, H. B.; Verani, C. N., Structural and Electronic Behavior of
Unprecedented Five-Coordinate Iron(III) and Gallium(III) Complexes with a New
Phenol-Rich Electroactive Ligand. Inorg. Chem. 2006, 45, 955.
11. Lanznaster, M.; Heeg, M. J.; Yee, G. T.; McGarvey, B. R.; Verani, C. N., Design
of Molecular Scaffolds Based on Unusual Geometries for Magnetic Modulation
of Spin-Diverse Complexes with Selective Redox Response. Inorg. Chem. 2007,
46, 72.
12. Philibert, A.; Thomas, F.; Philouze, C.; Hamman, S.; Saint-Aman, E.; Pierre, J.
L., Galactose Oxidase Models: Tuning the Properties of Cu II–Phenoxyl Radicals.
Chem. Eur. J. 2003, 09, 3803.
13. Hockertz, J.; Steenken, S.; Wieghardt, K.; Hildebrandt, P., (Photo)Ionization of
Tris(phenolato)Iron(III) Complexes: Generation of Phenoxyl Radical as Ligand.
J. Am. Chem. Soc., 1993, 115, 11222.

148
14. Marchivie, M.; Guionneau, P.; Howard, J.; Chastanet, G.; Letard, J.-F.; Goeta, A.;
Chasseau, D., Structural Characterization of a Photoinduced Molecular Switch. J.
Am. Chem. Soc. 2002, 124, 194.
15. Pease, A. R.; Jeppesen, J. O.; Stoddart, J. F.; Luo, Y.; Collier, C. P.; Heath, J. R.,
Switching Devices Based on Interlocked Molecules. Acc. Chem. Res. 2001, 34,
433.
16. Fabbrizzi, L.; Licchelli, M.; Pallavicini, P., Transition Metals as Switches. Acc.
Chem. Res. 1999, 32, 846.
17. Nagel, J.; Oertel, U.; Friedel, P.; Komber, H.; Möbius, D., Langmuir−Blodgett
Layers from Schiff Base Copper(II) Complexes. Langmuir 1997, 13, 4693.
18. Shakya, R.; Hindo, S. S.; Wu, L.; Allard, M.; Heeg, M. J.; Hratchian, H. P.;
McGarvey, B. R.; da Rocha, S.; Verani, C. N., Archetypical Modeling and
Amphiphilic Behavior of Cobalt(II)-Containing Soft-Materials with Asymmetric
Tridentate Ligands. Inorg. Chem. 2007, 46, 9808.
19. Shakya, R.; Imbert, C.; Hratchian, H. P.; Lanznaster, M.; Heeg, M. J.; McGarvey,
B. R.; Allard, M.; Schlegel, H. B.; Verani, C. N., Structural, Spectroscopic, and
Electrochemical Behavior of Trans-Phenolato Cobalt(III) Complexes of
Asymmetric NN’O Ligands as Archetypes for Metallomesogens. Dalton Trans.
2006, 2517.
20. Gagné, R. R.; Coval, C. A.; Lisensky, G. C., Ferrocene as an Internal Standard for
Electrochemical Measurements. Inorg. Chem. 1980, 19, 2854.

149
21. Aritake, Y.; Takanashi, T.; Yamazaki, A.; Akitsu, T., Polarized Spectroscopy and
Hybrid Materials of Chiral Schiff Base Ni(II), Cu(II), Zn(II) Complexes with
Included or Separated Azo-Groups. Polyhedron 2011, 30, 886.
22. Addison, W.; Rao, T. N.; Reedjik, J.; van Rijin, J.; Verschoor, G. C., Synthesis,
Structure, and Spectroscopic Properties of Copper(II) Compounds Containing
Nitrogen–Sulphur Donor Ligands; the Crystal and Molecular Structure of
Aqua[1,7-bis(N-methylbenzimidazol-2′-yl)-2,6-dithiaheptane]Copper(II)
Perchlorate. J. Chem. Soc. Dalton Trans. 1984, 1349. The τ value is a structural
index that systematizes five-coordination geometries and is defined by τ = [β – α /
60̊] with α = β = 180̊ for a square pyramid (τ = 0, C 4v) and α = β < 180̊ for a
trigonal bipyramid (τ = 1, D3h).
23. Shakya, R.; Hindo, S. S.; Wu, L.; Ni, S.; Allard, M.; Heeg, M. J.; da Rocha, S. R.
P.; Yee, G. T.; Hratchian, H. P.; Verani, C. N., Amphiphilic and Magnetic
Properties of a New Class of Cluster-Bearing [L2Cu4(μ4-O)(μ2-carboxylato)4] Soft
Materials. Chem. Eur. J., 2007, 13, 9948.
24. Kubono, K.; Tsuno, Y.; Tani, K.; Yokoi, K., Aqua{4,4',6,6'-tetrafluoro-2,2'[(piperazine-1,4-diyl)dimethylene]diphenolato}Copper(II). Acta Cryst., 2010,
E66(11), m1397.
25. Halfen, J. A.; Jazdzewski, B. A.; Mahapatra, S.; Berreau, L. M.; Wilkinson, E. C.;
Que,

L.

Jr.;

Tolman,

W.

B.,

Synthetic

Models

of

the

Inactive

Copper(II)−Tyrosinate and Active Copper(II)−Tyrosyl Radical Forms of
Galactose and Glyoxal Oxidases. J. Am. Chem. Soc. 1997, 119, 8217.

150
26. Bill, E.; Muller, J.; Weyhermuller, T.; Wieghardt, K., Intramolecular Spin
Interactions in Bis(phenoxyl)metal Complexes of Zinc(II) and Copper(II). Inorg.
Chem. 1999, 38, 5795.
27. Auerbach, U.; Eckert, U.; Wieghardt, K.; Nuber, B.; Weiss, J., Synthesis and
Coordination Chemistry of the Hexadentate Ligands 1,4,7-tris(2-hydroxybenzyl)1,4,7-triazacyclononane (H3L1) and 1,4,7-tris(3-tert-butyl-2-hydroxybenzyl)1,4,7-triazacyclononane

(H3L2).

Crystal

Structures

of

[HL1CuII]

and

[L2FeIII]acacH. Inorg. Chem. 1990, 29, 938.
28. Jazdzewski, B. A.; Holland, P. L.; Pink, M.;Young, V. G. Jr.; Spencer D. J. E.;
Tolman, W. B., Three-Coordinate Copper(II)−Phenolate Complexes. Inorg.
Chem. 2001, 40, 6097.
29. Lesh, F. D.; Hindo, S. S.; Heeg, M. J.; Allard, M. M.; Jain, P.; Peng, B.;
Hryhorczuk, L.; Verani, C. N., On the Effect of Coordination and Protonation
Preferences in the Amphiphilic Behavior of Metallosurfactants with Asymmetric
Headgroups. Eur. J. Inorg. Chem., 2009, 345.
30. Anthonysamy, A.; Balasubramanian, S., Synthesis, Spectral, Thermal, and
Electrochemical Studies of Nickel(II) Complexes with N 2O2 Donor Ligands.
Inorg. Chem. Commun., 2005, 8, 908.
31. Akitsu, T; Einaga Y., Syntheses, Crystal Structures and Electronic Properties of a
Series of Copper(II) Complexes with 3,5-Halogen-Substituted Schiff Base
Ligands and Their Solutions. Polyhedron 2005, 24, 2933.

151
32. Kochem, A.; Orio, M.; Jarjayes, O.; Neese, F.; Thomas, F., Motif-Programmed
Artificial Proteins Mediated Nucleation of Octacalcium Phosphate on Titanium
Substrates. Chem. Commun., 2010, 46, 6765.
33. Rotthaus, O.; Jarjayes, O.; Pérez Del Valle, C.; Philouze, C.; Thomas, F., A
Versatile Electronic Hole in

One-electron Oxidized NiIIbis-salicylidene

Phenylenediamine Complexes. Chem. Commun., 2007, 43, 4462.
34. Jazdewski B. A.; Tolmen, W. B., Understanding the Copper–Phenoxyl Radical
Array in Galactose Oxidase: Contributions from Synthetic Modeling Studies.
Coord. Chem. Rev. 2000, 200-202, 633.
35. Chaudhuri, P.; Hess, M.; Florke U.; Wieghardt, K., From Structural Models of
Galactose Oxidase to Homogeneous Catalysis: Efficient Aerobic Oxidation of
Alcohols. Angew. Chem., Int. Ed. 1998, 37, 2217.
36. Chaudhuri, P.; Hess, M.; Muller, J.; Hildebrand, K.; Bill, E.; Weyhermuller, T.;
Wieghardt, K., Aerobic Oxidation of Primary Alcohols (Including Methanol) by
Copper(II)− and Zinc(II)−Phenoxyl Radical Catalysts. J. Am. Chem. Soc. 1999,
121, 9599.
37. Lesh, F. D.; Shanmugam, R.; Allard, M. M.; Lanznaster, M.; Heeg, M. J.;
Rodgers, M. T.; Shearer, J. M.; Verani, C. N., A Modular Approach to RedoxActive Multimetallic Hydrophobes of Discoid Topology. Inorg. Chem., 2010, 49,
7226.
38. Lanznaster, M.; Neves, A.; Bortoluzzi, A. J.; Assumpcao, A. M. C.; Vencato, I.;
Machado, S. P.; Drechsel, S. M., Electronic Effects of Electron-Donating and -

152
Withdrawing Groups in Model Complexes for Iron-Tyrosine-Containing
Metalloenzymes. Inorg. Chem. 2006, 45, 1005.
39. Villeneuve, N. M.; Schroeder, R. R.; Ochrymowycz, L. A.; Rorabacher, D. B.,
Cyclic Voltammetric Evaluation of Rate Constants for Conformational
Transitions Accompanying Electron Transfer. Effect of Varying Structural
Constraints in Copper(II/I) Complexes with Dicyclohexanediyl-Substituted
Macrocyclic Tetrathiaethers. Inorg. Chem. 1997, 36, 4475.
40. (a) Brezesinski, G.; Dobner, B.; Stefaniu, C.; Vollhardt, D., Monolayer
Characteristics of an N-Acylated Ethanolamine at the Air/Water Interface. J.
Phys. Chem. C., 2011, 115, 8206. (b) Brezesinski, G.; Dobner, B.; Stefaniu, C.;
Vollhardt, D., Monolayer Characteristics of a Long-Chain N,O-Diacyl Substituted
Ethanolamine at the Air/Water Interface. Langmuir, 2011, 27, 5386.

Chapter 8
METALLOAMPHIPHILES WITH [Cu2] AND
[Cu4] HEADGROUPS: LANGMUIR FILMS
AND EFFECT OF SUBPHASE CHANGES

Representation of extended frameworks in [Cu 2] and [Cu4] headgroups
Artwork: Rama Shanmugam
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Chapter 8

METALLOAMPHIPHILES WITH [Cu2] AND [Cu4] HEADGROUPS:
LANGMUIR FILMS AND EFFECT OF SUBPHASE CHANGES
Note: This work was published as the following citation: Hindo, Sarmad S.; Shakya,
Rajendra;

Shanmugam,

Rama;

Heeg,

Mary

Jane,

Verani,

Cláudio

N.

“Metalloamphiphiles with [Cu2] and [Cu4] Headgroups: Syntheses, Structures, Langmuir
Films, and Effect of Subphase Changes”. European Journal of Inorganic Chemistry,
2009, 4686-4694. My work contribution is the surface studies involving LangmuirBlodgett and Brewster angle microscopy.
8.1 Introduction
The study of discrete complexes and translating the information gained from these
studies into useful new materials is one of the main goals of the modern coordination
chemistry. Metal-containing soft materials in particular are gaining interest due to their
potential towards metallopolymers,1 metallomesogens,2 and metallosurfactants.3 This is
due to the advantage of combination of properties of both transition metals and organic
scaffolds that enable us to build up ordered supramolecular architectures with unique
geometric, redox, and magnetic properties.
Various metal-containing surfactants have been demonstrated and studied in this
aspect. However, only limited knowledge is available towards the discrete 4 multimetallic
cores. Recently, we have demonstrated5 carboxylate-based dimeric copper complexes to
overcome this limitation. This chapter further analyzes the chemistry of multinuclear
surfactants and their potential for film formation. This work exhibits the synthesis and
characterization of new discrete pseudomacrocyclic(PM) and open-frame(OF) species
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containing bimetallic and tetrametallic cores (Scheme 8.1). This chapter also
encompasses the studies at the air/water interface with these precursors and the effect of
the terephthalate (1, 4-benzenedicarboxylate) ions on the formation of the Langmuir
films. These terephthalate ions are expected to coordinate to the metal ions at the
air/water interface thereby leading to either discrete substitution or the formation of
extended frameworks.

Scheme 8.1. Pseudomacrocyclic and open-frame Cu2 and Cu4 species.
The synthetic strategy for obtaining the Cu 2- and Cu4-cluster bearing complexes
with the new N O-terdentate and N4O2-hexadendate ligands (Scheme 8.2) and μ 2

2

bridging acetate, benzoate and μ -oxo groups as coligands has been reported in the
4

citation referred in page 138.6 All the complexes have been characterized by
spectroscopic and spectrometric techniques, which are reported in the referred citation. 6
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Scheme 8.2. The copper amphiphiles.
The crystal structures of 4 and 5 were solved by X-ray crystallography and
reported in the cited reference in this chapter.6 The amphiphilic properties of the ligand
and the cluster-containing systems were analyzed by means of mean molecular area vs.
surface pressure isotherms. Additionally, the effect of subphase changes such as
temperature and the addition of terephthalate ions on Langmuir film formation have been
thoroughly studied.
8.2 Compression Isotherms and the Behavior at the Air/Water Interface
The amphiphilic properties and the film formation studies of complexes 1-5 were
carried out by means of isothermal compressions obtained by plotting surface pressure
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(Π, mN/m) vs. average area per molecule (A, Å2) and Brewster angle microscopy
(BAM). Compression isotherms were obtained at compression rates of 5 mm/min for
complexes 2, 3, 4, and 5, and at 5 and 10 mm/min for 1 (Figure 8.1).

Figure 8.1. Isotherms of complexes 1 and 2. 1 at 5 mm/min and 10 mm/min and 2 at 10
mm/min. Reproduced from reference 6. Copyright © 2011 WILEY-VCH Verlag GmbH
& Co. KGaA, Weinheim.
Individual molecules of both the complexes 1 and 2 start interacting at ca. 110 Å2
at a faster compression rate. This value coincides roughly with the theoretical area of the
pseudomacrocyclic bimetallic core calculated by using a molecular mechanics MM2
model. When the compression rate is slowed down, the average areas decrease indicating
an improvement in the molecular packing for 1. Both the amphiphiles collapse at ca. 50–
70 mN/m. However, the 5 mm/min compression isotherm for 1 along with the BAM data,
indicate prolific formation of coarse domains and Newton rings7 between 25 and 30
mN/m. This is indicative of multilayer formation which could be related to the camshaft-
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like motions of the alkyl and alkoxy chains. Observation of faint inflections in the
compression isotherm of this compound at ca. 5-10 mN/m indicate limited quality and
reproducibility of the resulting films. This instability of films of the complex 2 can be
related to the bulkiness and disorder of multi-branched trialkoxy substituents. A similar
copper amphiphile reported by our group using the same alkoxy motif has shown similar
limitations.5a Therefore, no further studies were carried out for the complex 2.The
isotherms for 4 and 5 is quite similar to the previously reported isotherms for the μ-oxo
Cu4 species with similar ligands.5b These complexes show average collapse areas of ca.
130 Å2 and slightly better collapse pressures from ca. 10 to 15 mN/m. The increased area
for 4 and 5 when compared to that of 1 indicate the tetrahedral nature of the tetrametallic
core. Likely to our expectation, the average limiting area for the bimetallic compound 3 is
larger than that observed for the complex 1 but smaller than that of the compound 4. It
can therefore be concluded that the presence of opposing chains restrict the packing in
case of open-frame structures of the complexes 3-5. The isothermal data with the effect
of terephthalate linkers and temperature are summarized in Figure 8.2.
8.2.1 Effect of Subphase Changes
In order to obtain improved amphiphilic behavior, studies on the effect of
disodium terephthalate (Na2TPA) were assessed at different temperatures and pHs. The
terephthalate ions coordinate to the Cu 2 and the μ-oxo Cu4 cores leading to the formation
of more discrete hydrophilic amphiphiles or extended coordination polymers at the
air/water interface. In case of the μ-oxo Cu4 cores, the terephthalate species is exchanged
with the acetate ions. Therefore, a 0.1 M aqueous solution of disodium terephthalate was
used as subphase to improve the stability and thereby increase the collapse pressures of
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the resulting films. The addition of the terephthalate ions is found to double the formal
collapse pressure of 3, 4, and 5 reaching to ca. 30 mN/m.

Figure 8.2. Isotherms of 1, 3, 4, and 5 at room temperature on pure water subphase
(pH 7) (dotted line), and with Na 2TPA (pH 7) (solid line). Reproduced from reference 6.
Copyright © 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
BAM images of the complex 1 in the presence and absence of the terephthalate
ion reveals the formation of a smooth and homogenous film after 25–30 mN/m in the
presence of terephthalate ions (Figure 8.3).
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Figure 8.3. Selected BAM of 1, 2, 3, and 5 at room temperature and pH 7
for the individual amphiphiles (top) and with disodium terephthalate (bottom).
Reproduced from reference 6. Copyright © 2011 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
The increase in the average area per molecule suggests that the ion interacts with
the amphiphiles. The average area of a flat terephthalate ion is calculated to be ca. 25 Å2
by MM2 modeling. The average areas increase by 40 Å 2 for 1, 60 Å2 for 3 and 4, and 90
Å2 for 5 indicating the association of more than one terephthalate ion per molecule of
amphiphile. The BAM micrographs for 1, 3, 4, and 5 at 23 °C and pH 7 are displayed in
Figure 8.3. The amphiphiles at the pure air/water interface are shown in Figure 8.3
(top), whereas the effect of TPA addition is portrayed at the bottom of this graphic. The
Langmuir films of 3, 4, and 5 are smooth and homogenous at low surface pressures of ca.
7-10 mN/m. When the surface pressure is increased to 14–17 mN/m the film becomes
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rough with the formation of several Newton rings and spherical domains. Complex 1
reveals the formation of multiple domains after 35 mN/m, correlating with the observed
behavior in the isothermal compressions.
The compression isotherms (Figure 8.2) evidence the improvement in
amphiphilicity for the systems 1, 3-5 in the presence of the terephthalate ions. These
terephthalate ions were also found to increase the homogeneity of the films up to a
pressure of ca.40 mNm/m.
8.2.2 Effect of Temperature Changes on the Isotherm
Thus far, the film dependence on the presence of terephthalate at room
temperature (23 ºC) has been discussed. In this section, an evaluation on the effect of
temperature and pH change on these systems has been made. The isotherms and BAM for
1, 3, 4, and 5 were measured at 13 and 33 ºC and at a neutral pH in the presence of
disodium terephthalate (Figure 8.4). The results reveal that as the temperature decreases,
there is an increase in the collapse pressure followed by the formation of multilayers. A
change in 20 ºC corresponds to an equivalent change of 20 mN/m for 4 at collapse. The
temperature has Brownian motion related effect on the amphiphilic behavior. 8 The
increase in the Brownian movement at higher temperature stabilizes the expanded phase
thereby increasing the collapse pressure. Less information is available on the influence
of temperature on the amphiphilic behavior of metalloamphiphiles and the reverse
amphiphilic effect (a temperature increase results in a collapse pressure decrease).
However, Kang and coworkers9 reported a noticeable increase in collapse pressure at the
air/water interface for stearic acid on a γ-Fe 2O3 nanoparticle subphase as the temperature
decreases from 20-15 ºC. Similar observations have been made in our case as well.
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Figure 8.4. Top: isotherms of 4 at 13, 23, and 33 ºC, pH 7, with disodium
terephthalic salt. Bottom: selected BAM micrographs for 4 at a) 13 and b) 33 ºC.
Reproduced from reference 6. Copyright © 2011 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.
BAM studies emphasize this notion by showing analogous behavior for 2, 3, 4,
and 5. At low temperatures and at higher collapse pressures, homogeneous films were
observed whereas at higher temperatures formation of Newton rings become apparent at
ca. 20 mN/m. Changes in the pH of the subphase were inconclusive. Acidic subphase
solutions were avoided to prevent ligand reprotonation and fragmentation of the cluster
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core and at basic conditions (pH 9) uncertain data was gathered. It is also possible that
basic pH values support copper-catalyzed imine hydrolysis.10
The average area of complexes 1 and 3 obtained from the compression isotherm
confers that the terephthalate ions coordinate to the [Cu 2] core at the air/water interface in
a discrete fashion than in an extended framework. If an extended framework were to be
expected, the average area should increase in a ratio of one terephthalate ion per
amphiphile molecule. It is shown in Scheme 8.3 that multiple terephthalate ions are
present in case of part (a) with a discrete amphiphile when compared to the single
terephthalate ion per amphiphile present in part(b).

Scheme 8.3. Discrete and extended configurations of [Cu2] headgroups
interacting with terephthalate ions at the air/water interface.
In case of the tetrametallic complexes 4 and 5, one to four terephthalate ions are
expected to be associated depending on the degree of substitution with the terephthalate
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ions with the acetate coligands. It is quite obvious from the [Cu 4] core in the crystal
structure that extended framework formation will be principally favored when the
amphiphile molecules align themselves within the water surface plane and at least one
acetate coligand is replaced by a terephthalate ion as shown in Scheme 8.4 (b). However,
since the terephthalate ions are dissolved in water neither their orientation not their
concentration is optimized, these requirements cannot be favored. Vicinal acetate
coligands at the [Cu4] core are supposed to be easily replaced, as shown in the Scheme
8.4 (a).

Scheme 8.4. Discrete and extended configurations of [Cu4] headgroups
interacting with terephthalate ions at the air/water interface.
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We propose that the increase in the formal collapse upon the addition of terephthalate
ions to the subphase is due to the increase in the hydrophilicity of the [Cu 2] and [Cu4]
cores, rather than the formation of extended frameworks.
8.3 Conclusions
In this chapter, we have investigated multimetallic copper based amphiphiles with
different core sizes and structural architectures and their film forming ability by the
Langmuir-Blodgett technique. The Langmuir films of these complexes showed moderate
collapse pressures. In order to increase the film stability, terephthalate ions were added to
the subphase. The terephthalate ions coordinate to the copper core leading to discrete
species with enhanced hydrophilicity or extended frameworks. These copper complexes
were observed to form discrete species rather than extended frameworks in the presence
of terephthalate ions thereby leading to an enhanced film stability and homogeneity.
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Chapter 9
SURFACE PROPERTIES OF REDOX-ACTIVE MULTIMETALLIC
HYDROPHOBES OF DISCOID TOPOLOGY
Note: This work was published as the following citation: Lesh, Frank D.; Shanmugam,
Rama; Allard, Marco M.; Heeg, Mary Jane; Rodgers, M. T.; Shearer, Jason M.; Verani,
Claudio N. “A Modular Approach to Redox-Active Multimetallic Hydrophobes of
Discoid Topology”. Inorganic Chemistry, 2010, 49, 7226-7228. My work contribution is
the surface studies involving Langmuir-Blodgett and Brewster angle microscopy.
9.1 Introduction
Amphiphilic properties together with the controllable and tunable behavior of
transition metal complexes lead to metallosurfactants that exhibit film forming properties
along with variable redox, optical, and magnetic properties. 1 These metallosurfactants
find potential towards optoelectronics,2 and logic and memory operations,3 micellar
luminescence and electron transfer.4 In this respect, we are developing precursor
metallosurfactants with redox properties while preserving film forming properties. 5 This
chapter involves the film forming properties of selected metal-containing amphiphiles
with a phenolate-based headgroup. Recently, we described a five-coordinate iron(III)
complex [FeIIIL1], where L1 is a phenylene-diamine/triphenolate ligand and was found to
enhance the formation and reversibility of three consecutive phenolate/phenoxyl
processes on the cyclic voltammetry.6 The related species [FeIIIL2] (1), where (L2)3- is a
phenanthrolinediamine/trisphenolate

ligand,

served

as

a

module

for

[FeIII(L2)CuII(Cl)2(MeOH)].7 The redox responses in this bimetallic species are based on
the metal centers and the ligand.8 In this account, we describe the surfactant properties of
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the ligand

L2, the module iron

complex

[FeIII(L2)], and the tetrametallic

[FeII(FeIIIL2)3](PF6)2 (2) (Figure 9.1). This discoid molecule (oblate spheroid with
x=y>z) is a first example that merges the use of tert-butyl groups to promote the redox
activity and surfactancy by enhancement of the species hydrophobic character. Thus, it
supports the development of a modular approach to discoid multimetallic film precursors.

Figure 9.1. Amphiphilic ligand L2, module complex 1, and the discoidal
complex 2
9.2 Synthesis and Characterization
The synthesis and characterization of the ligand and the module complex
[FeIII(L2)] were carried out by Frank D. Lesh using the literature procedure.8 The
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tetrametallic complex was synthesized by the treatment of [Fe IIIL2] with anhydrous FeCl2
in a 3:1 ratio in methanol and under argon. This compound was characterized using
infrared, UV-visible, and XANES/EXAFS spectroscopies, elemental analysis, and cyclic
voltammetry. The exact ESI-MS for this compound in methanol exhibits peaks at m/z =
1401.69970 related to the bivalent cation [Fe II(FeIIIL2)3]2+ and 916.49504 associated with
the module [(FeIIIL2)3+H+]. The UV-visible spectra of the module [FeIIIL2] shows the
expected intraligand Π→Π* and N→Fe charge transfer bands at 281 and 333 nm (115,
900 and 69,000 M-1 cm-1), respectively. The phenolate-to-metal charge transfer bands 8
(pΠ→dσ* and pΠ→dΠ*) appear at 411 and 463 nm (both at 27,500 M -1cm-1). The
[FeII(FeIIIL2)3](PF6)2 species exhibits the equivalent processes at 279 (249,700), 336
(96,000), and 486 nm (50,300 M -1cm-1), along with a new band at 525 nm (51,700 M1

cm-1). This new process is comparable to the metal-to-phenanthroline charge transfer

present in [FeII(Lphen)3](PF6)2 at 511 nm (9390 M -1cm-1), thus indicating the presence of
all expected chromophores.9 The IR spectrum of [Fe II(Fe IIIL2)3](PF6)2 shows bands at
2870-2960 and 1605 cm-1 associated, respectively, with the tert-butyl and C=N groups
present in the module [Fe IIIL2]. A very intense band at 840 cm-1 is associated with the
counterion PF6-. The out-of-plane deformation of the phenanthroline rings is observed at
558 cm-1. The cyclic voltammograms of the complexes 1 and 2 (Figure 9.2) exhibit a
cathodic wave for the process ascribed to the Fe III/FeII couple. This process is anodically
shifted in the tetrametallic complex 2 to E1/2 = -1.24 V and is less reversible (ΔEp = 0.33
V; |Ipc/Ipa| = 1.8) than that of the module complex 1 at E1/2 = -1.37 (ΔEp=0.25 V; |Ipc/Ipa| =
1.4).The phenolate/phenoxyl oxidative process occurs for both the complexes at ca. E1/2
= 0.64 V. Also, an improved reversibility is observed in the tetrametallic complex 2, as
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indicated by |Ipc/Ipa| = 0.8, compared to a value of 0.2 observed for the module complex 1.
This profile might be related to the Fe(II)-phenanthroline core, as the metal-centered
process for the unsubstituted [FeII(Lphen)3](PF6)2 appears at E1/2 = 0.77 V (ΔEp = 0.08 V;
|Ipc/Ipa| = 1.1).
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Figure 9.2 Cyclic voltammograms of the complexes 1 and 2 along with the core in
dichloromethane using TBAPF6 as the electrolyte. Working electrode: Carbon,
Supporting electrode: Pt wire, and Reference electrode: Ag/AgCl
9.3 Surfactancy Studies
To evaluate the efficacy of the discoid design to act in hydrophobic precursors for
film formation, compression isotherms plotted as surface pressure (mN/m) vs. average
molecular area (Å2) for the ligand, module, and the tetrametallic complex were recorded
at the air/water interface in a Langmuir-Blodgett trough at 23 ºC as shown in Figure 9.3.
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Figure 9.3. Surface pressures versus area isotherms of the ligand L2, module 1, and the
tetrametallic complex 2
The isotherms offer information about the 2D behavior of the Langmuir films at
the air/water interface, the collapse pressure (πc), and the limiting area of the monolayer
(Ac). The ligand, module, and the tetrametallic complex are initially dissolved in an
immiscible organic solvent, such as chloroform, and then spread on the ultrapure water
surface. As the barriers are compressed, the surface tension (γ) of the interface in the
presence of the surfactant species decreases when compared to that of the pure water
subphase (γ =72 mN/m at room temperature), resulting in an increase in Π (=γ – γ).
0

0
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The isotherms for the ligand and the complexes 1 and 2 reveal that all species are
interfacially active. Each isotherm was repeated at least three times to attain excellent
reproducibility. At higher molecular areas, the monolayer exhibits a quasi-two
dimensional gas state. The molecules of the protonated ligand start interacting with each
other at the air/water interface at about 120 Å 2/molecule, forming an extended phase that
is followed by a phase transition at about 83 Å2/molecule (26 mN/m). After this region,
the molecules proceed from a liquid expanded to the liquid condensed, where the
amphiphiles are in contact with the subphase with molecular ordering. The average
limiting area per molecule is obtained by extrapolating the condensed phase region of the
isotherm which is found to be 76 Å2/molecule at a relatively high pressure of ca. 48
mN/m.
The molecules of the complexes 1 and 2 start interacting with the air/water
interface at ca. 100 and 320 Å2/molecule respectively. The molecules of the complex 1
can be compressed to about 94 Å2/molecule with a collapsing pressure of 51mN/m. The
average limiting area for the compound 1 was found to be 91 Å2/molecule. Similarly, the
compound shows a collapse pressure of ca. 45 mN/m with an average limiting area of
280 Å2/molecule.
The Brewster angle microscopy (BAM) which uses the principle of zeroreflectance of the air/water interface for vertically polarized light at an angle of incidence
called the Brewster angle is used in the films of the ligand and the complexes in order to
study the collapse mechanisms. Representative BAM images recorded during the
compression of the ligand and the complexes are shown in the Figure 9.4. These images
show the presence of condensed phase domains at low surface pressures when analyzed
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carefully. The ligand shows the formation of a smooth film at around 10mN/m, i.e, before
the first inflection point. At a surface pressure of about 26mN/m, a somewhat nonhomogeneous surface is observed which coincides with the inflection point. This could
be attributed to some sort of rearrangement in the monolayer. As the pressure is increased
to ca. 44mN/m, a homogeneous film formation is observed. The film collapses with a
drop in pressure at 50mN/m confirming the constant area collapse. 10

Figure 9.4. BAM images of the ligand L2, module 1, and the tetrametallic complex 2
Similarly, for the complexes 1 and 2 only minor aggregates are observed before
the compression. The complex 1 shows a smooth film up to a pressure of about 40mN/m
and the collapse is clearly observed at around 50mN/m. Careful analysis of the complex 2
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displays a highly homogeneous film from 10 to ca. 40 mN/m, where a decrease in the
slope of the isotherm coincides with the formation of linearly oriented Newton rings, 11
suggestive of a formal constant pressure collapse mechanism. 10
A study has been made to assess the topology of the tetrametallic complex 2. For
this purpose, a model was developed for the analogous gallium complex as several
attempts to obtain the crystal structure for the iron complex failed and the attempts to use
the iron complex as a starting point for calculations has proven to be nontrivial due to the
large number of unpaired electrons at the iron centers. The gallium and iron structures are
similar in nature which is inferred by their neutral character and the identity of the ligand
showing a mono-substituted amine N4 with a single phenolate appended, whereas the
vicinal amine N1 exhibits two of these groups. The ORTEP representation is shown in
Figure 9.5(a) with selected bond lengths.

(a)

(b)

Figure 9.5. (a) ORTEP for [GaL2], Ga-O(3) = 1.828(3), Ga-O(1) = 828(3), GaO(2)=1.899(3), Ga-N(4)=1.975(4), Ga-N(1)=2.266(4) Å. (b) MM-UFF model for
[Ga(GaL2)3]3+
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In addition, both species display a short bond length feature of a C=N imine group
and a five coordinate metal center in a N2O3 environment. On the basis of these
similarities, a model [GaIII(GaIIIL2)3]3+ was built and its geometry was minimized using
the molecular mechanics UFF force field12 available in the Gaussian 03 software
package.13 This model describes one possible isomer which is found to be more stable by
ca. 20 kcal/mol,14 in which one unit exhibits the singly appended phenolate pointing
upward, while the two other units point downward (Figure 9.5(b)).
The model evidences the presence of the discoid nature of the tetrametallic
species. These resemblances together with the similarities in the ionic radii of
gallium(III) (0.76 Å) and ironls(II) (0.75 Å), reveal an estimated geometric radius from
the central metal to the periphery to lie between 9.0 and 11 Å. Assessment of the
positions occupied by the tert-butyl groups attached to each phenolate reveals that the
majority of these groups point outward presenting an enhanced hydrophobic cushioning
that prevents the charged and hydrophilic discoid core from sinking into water thereby
leading to a distinguished topology. The average limiting area per molecule obtained
using the Langmuir isotherm of the complex 2 offers a radius of ca. 9.5 Å when the
molecule is considered as a circular disc. This radius value is in excellent agreement with
the estimated radius of the [GaIII(GaIIIL2)3]3+ model.
9.4 Summary
In summary, we have reported on the study on the amphiphilic behavior of
tetrametallic complex [FeII(FeIIIL2)3](PF6)2 of discoid topology. These studies show that
the presence of metallic centers and ligand moieties such as phenolates and coordinated
phenanthrolines expand the redox capabilities of this specie. Along with its hydrophobic
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character, this specie is an excellent candidate for the formation of redox-responsive
monolayer films. To the best of our knowledge, this is the first species in which the
presence of tert-butyl groups concurrently imposes redox activity and surfactancy. This
result points that a modular approach can be used to develop redox-active homo and
heterometallic film precursors of discoid topology. The synthetic approach and film
transfer onto solid substrates are under investigation in our laboratories.
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Chapter 10
CONCLUSION AND PROSPECTIVE
Interest in metallosurfactants are due to their application in various fields such as
molecular electronics,1 biosensing,2 magnetic films,3 thin film optoelectronics,4 and
responsive materials.5,

6

Our lab has been spearheading towards single molecules

composed of electro-active metal complexes of amphiphilic nature that yield high order.
Of all the techniques available to process metal–organic molecule-based materials as thin
films, we exploit the most straightforward Langmuir-Blodgett technique due to the
possibility of preparing functional ultrathin films with a controlled thickness at a
molecular size with a well defined molecular orientation.7 Langmuir monolayers at the
air/water interface are useful not only for molecular devices, 8 but also for the
understanding of biological membranes.9 The research projects discussed in this
dissertation focus on the synthesis, characterization, and monolayer studies of several 3dand 4d- metal-containing amphiphiles. Various metal-containing amphiphiles were
synthesized using pyridine- and phenolate-based ligands and were characterized by
infrared and UV-visible spectroscopies, ESI mass spectrometry, X-ray crystallography
whenever possible, and elemental analysis. Isothermal compression, Brewster angle
microscopy, and infrared reflectance absorbance spectroscopic studies were used to
demonstrate the amphiphilic behavior of these complexes.
Chapter 3 expanded amphiphilic study and BAM a series of amphiphilic and
redox-responsive complexes with a [N,N] bidentate ligand and varied coligands such as
acetate, benzoate, acetylacetonate (acac), dibenzoyl methanate (dbm), oxalate, and
phenanthroline. In this study, we have demonstrated that changing the coligands brings in
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a good balance between the amphiphilicity and redox activity. The acetate and benzoate
containing complexes exhibit a quasi-reversible Cu II→CuI couple but the acac, dbm, and
oxalate complexes reveal multiple processes. The phenanthroline containing complex
exhibits the best redox reversibility and cyclability. The Langmuir monolayer isotherm
indicates that the films of these complexes are stable up to a pressure of ca. 45 mN/m.
The BAM images of these complexes show intricate variations in the domain formation
and topology. The IRRAS of the complexes show the presence of well-packed condensed
monolayer on the surface of the substrate.
In Chapter 4, we synthesized and characterized two novel binuclear copper
containing amphiphiles with azido and thiocyanato bridges. The redox study on these
complexes exhibit a single Cu II→CuI process with excellent reversibility. However, only
the azido bridged complex was able to withstand redox cycling of about 50 times with
minimal decomposition of less than 30 mV. Monomer/dimer equilibria studies were
carried out by UV-visible spectrocopy but the isothermal compression studies reveals that
the monolayer stability is maintained up to a pressure of ca. 49 mN/m when collapse
occurs. The IRRAS studies were carried out on the LB films on gold coated glass
substrate and detects clearly the presence of alkyl chains but not of the azido nor the
thiocyanato coligands. These are detected only by regular infrared spectroscopy of the
ground film+substrate suggest high order. Further analysis are required due to the
complexities of film formation with bimetallic amphiphilies, however this study points
out to the viability of such precursors for the assembly of redox-responsive LB films.
Chapter 5 presents the synthesis and characterization of three octahedral
amphiphilic metal complexes of bivalent iron, cobalt, and ruthenium. The redox
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properties were studied by cyclic voltammetry. The iron complex do not show good
redox behavior however, the cobalt shows a quasireversible ligand based process at E 1/2 =
-1379 mV and the ruthenium complex shows two ligand related processes at E 1/2 = -1609
and -2050 mV and RuII/RuIII couple at 600 mV. All the complexes reveal excellent film
formation properties. The IRRAS studies display the presence the CH stretching bands at
around 2850-2925 cm-1.
In Chapter 6, the film formation studies of a new family of pyridyl- and
phenolato-containing

amphiphiles

such

as

[(LPY18I)RuII(bpy)2](PF6)2,

[(LPY18A)RuII(bpy)2](PF6)2, [(LPhBuI)RuII(bpy)2](PF6), and [(LPhClI)RuII(bpy)2](PF6) were
discussed. These complexes possess the capability of forming photo-responsive films.
These species show good film stability with collapse pressures are fairly high at about 29
– 39 mN/m, however an aqueous NaCl solution was needed for the film formation owing
to the relative solubility of the compounds in pure water. This study allows us to move
forward and integrate the amphiphilic properties with photo-activity thereby leading to
photo-responsive precursors for modular films aimed at artificial photosynthetic
processes. Future works involves the deposition of Langmuir-Blodgett (LB) films on
solid substrates and study their photo-physical properties. Integration of [catalytic
centers/antennae] into LB films is also under development.
As an attempt to find the right balance between hydrophilicity and hydrophobicity
in that would allow complex molecules to pack well on a subphase without collapsing,
we developed a series of copper and nickel complexes with halogen substituted phenolate
based ligands. The studies on the redox activity and film formation are discussed in
Chapter 7. The chloro and bromo substituted nickel complexes show quasireversible
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ligand based process and all the copper complexes show reversible copper(II)-based
process. However, all the complexes showed only a compromising behavior at the
air/water interface with a maximum collapse pressure of 28 mN/m observed for the
bromo-substituted nickel and copper amphiphiles. The iodo-substituted amphiphiles
however showed no amphiphilicity in case of nickel and very feeble amphiphilicity in
case of copper. The IRRAS of the LB monolayers show a shift in CH bands which could
be attributed to the tight packing of the molecules.
The Chapter 8 reconciles the effect of changes at the subphase in the isothermal
behavior of various bimetallic and tetrametallic copper amphiphiles. In order to increase
the film stability, a 1 mM sodium terephthalate solution was taken as the subphase along
with the changes in the temperature of the subphase. These copper complexes were
observed to form discrete species rather than extended frameworks in the presence of
terephthalate ions thereby leading to an enhanced film stability and homogeneity.
Chapter 9 features the study of the amphiphilic behavior of tetrametallic complex
[FeII(FeIIIL2)3](PF6)2 of discoid topology. This compound proves to be an excellent
candidate for the formation of redox-responsive monolayer films. This result points that a
modular approach can be used to develop redox-active homo and heterometallic film
precursors of discoid topology. The synthetic approach and film transfer onto solid
substrates are under investigation in our laboratory.
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APPENDIX
The following compounds were synthesized and characterized. Some magnetic
studies and redox studies together with infra-red studies are yet to be done.
Synthesis and Characterization of Complexes of L PY18 and LPY16
The ligands LPY18 and LPY16 were synthesized using the procedure shown in the
literature.
[NiII(LPY18 )Cl2] (1). The ligand LPY18 was reacted with nickel(II) chloride in a ratio 1:1 in
methanol giving 1.

Yield is ~79%. Elemental Analysis calculated for [C24H44N2NiCl2]: C, 58.80; H,
9.05; N, 5.71. Found: C, 58.59; H, 9.06; N, 5.72. IR (KBr, cm -1): 2911, 2849(C-H from
long alkyl chain); 3307 (N-H); 1607, 1570, 1467 (C=N Pyr) and (C=Caromatic). ESI Pos. in
MeOH: m/z for [NiLPY18Cl]+ =453.38.
[NiII(LPY18 )Br2] (2). The ligand LPY18 was treated with nickel(II) bromide in a ratio 1:1 in
methanol yielding the complex 2.

Yield is ~78%. Elemental Analysis calculated for [C 24H44N2NiBr2]: C, 49.78; H,
7.66; N, 4.84. Found: C, 49.91; H, 7.93; N, 4.92. IR (KBr, cm-1): 2918, 2851 (C-H from
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long alkyl chain), 3233 (N-H), 1605, 1591, 1469 (C=NPyr) and (C=Caromatic); ESI Pos. in
MeOH: m/z for [NiLPY18Br]+ =499.32.
[NiII(LPY16 )Cl2] (3). The complex 3 was obtained by treating nickel(II) chloride with the
ligand LPY16 in a ratio 1:1 in methanol.

Yield is ~78%. Elemental Analysis calculated. for [C 22H40N2NiCl2] : C, 57.17; H,
8.72; N, 6.06. Found: C, 57.19; H, 8.73; N, 6.12. IR (KBr, cm-1): 2920, 2847 (C-H from
long alkyl chain), 3244(N-H), 1604, 1570, 1468 (C=N Pyr) and (C=Caromatic); ESI Pos. in
MeOH: m/z for {[NiLPY16]2+/2} =213.
[NiII(LPY16 )Br2] (4). The complex 4 was obtained by treating nickel(II)bromide with the
ligand LPY16 in a ratio 1:1 in methanol.

Yield is ~76%. Elemental Analysis calculated for [C 22H40N2NiBr2]: C, 52.16; H,
7.96; N, 5.53. Found: C, 52.19; H, 7.73; N, 5.52. IR (KBr, cm-1): 2921, 2849 (C-H from
long alkyl chain), 3241(N-H), 1610, 1567, 1468 (C=N Pyr) and (C=Caromatic); ESI Pos. in
MeOH: m/z for {[NiLPY16]2+/2} =213.
[NiII(LPY18 )2](ClO4)2 (5). The ligand LPY18 was treated with 0.3 equivalents of nickel(II)
perchlorate in methanol yielding the complex 5.
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Yield is ~85%. Elemental Analysis calculated for [C48H88N4NiCl2O8]: C, 64.56;
H, 9.93; N, 6.27. Found: C, 65.09; H, 10.13; N, 6.27. IR (KBr, cm -1): 2918, 2851 (C-H
from long alkyl chain), 3264(N-H), 1610, 1571, 1469 (C=N Pyr) and (C=Caromatic); 1093
(Cl-O from ClO4-); ESI Pos. in MeOH: m/z for {[Ni(LPY18 )2]2+/2} =389.2.
[NiII(LPY16 )2](ClO4)2 (6). The ligand LPY16 was treated with 0.3 equivalents of nickel(II)
perchlorate in methanol yielding the complex 6.

Yield is ~85%. Elemental Analysis calculated for [C44H80N4NiCl2O8]: C, 62.85;
H, 9.68; N, 6.78. Found: C, 63.15; H, 9.64; N, 6.69. IR (KBr, cm -1): 2919, 2853 (C-H
from long alkyl chain), 3264(N-H), 1610, 1567, 1467 (C=N Pyr); 1094 (Cl-O from ClO4-);
ESI Pos. in MeOH: m/z for {[Ni(LPY16)2]2+/2} =361.2.
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Amphiphilic Behavior of Complexes (5) and (6). The amphiphilic behavior of the
complexes 5 and 6 are shown in the pressure (Π, mN/m) vs. area per molecule (A, Å 2)
isotherm (Figure A.1). The complex 5 start interacting with the subphase at around 190
Å2, whereas the complex 6 with a comparatively shorter chain length interact with the
subphase at a smaller molecular area of 175 Å2. It can be found that both the compounds
exhibit a phase transition at about 15 mN/m forming a condensed phase. The compound 5
collapses at about 55 mN/m whereas the compound 6 collapses at about 47 mN/m but
with the same critical molecular area of about 112 Å 2. The collapse shows a signature of
constant area collapse. The critical molecular area is significantly larger than the
calculated geometric areas (~76 Å2) of the complexes which indicate that the polar head
sits on the air-water interface in the form of a circular disc with three long alkyls chains
lying perpendicular to the air-water interface symmetrically repelled from each other.
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Figure A.1 Pressure versus area isotherms of nickel complexes 5 and 6
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Figure A.2 BAM images of nickel complexes 5 and 6
[CoII(LPY16 )3](ClO4)2∙CH3OH (7)
(7). This complex is prepared the same way as before by
treating 3 equivalents of LPY16 with one equivalent of CoII(ClO4)2.6H2O in methanol for
an hour at 35 °C.

Yield is ~80%. Elemental analysis for [C 66H120N6CoCl2O8]∙CH3OH: C, 62.50; H,
9.63; N, 6.53. Found: C, 62.08; H, 9.37; N, 6.56. IR (KBr, cm -1): 2851, 2921 (C-H
(C from
long alkyl chain), 3307 (N-H),
H), 1609 (C=NPy), 1093 (Cl-O from ClO4-).
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Electrochemistry of Cobalt Complex (7)
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Figure A.3 Cyclic voltammogram of the complex 7
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Figure A.4 Isotherm and BAM images of cobalt complex 7
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Figure A.5 EPR spectra of cobalt complex 7
[ZnII(LPY18 )3](ClO4)2 (8). 3 equivalents of the ligand (LPY18) was treated with one
equivalent of ZnII(ClO4)2.6H2O in methanol for about an hour at 35 °C yielding brown
precipitate of the complex which was then isolated and washed with surplus amount of
cold methanol.
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Yield is ~87%. Elemental Analysis calculated for [C 72H132N6ZnCl2O8]·CH3OH:
C, 63.71; H, 9.96; N, 6.11. Found: C, 63.51; H, 9.96; N, 6.09. IR (KBr, cm -1): 2918, 2850
(C-H from long alkyl chain), 3265(N-H), 1610, 1570, 1474 (C=N Pyr) and (C=Caromatic);
1095 (Cl-O from ClO4-); ESI Pos. in MeOH: m/z for [Zn(LPY18)2]2+ =784.6
[ZnII(LPY16 )3](ClO4)2 (9). This complex is prepared the same way as before by treating 3
equivalents of LPY16 with one equivalent of Zn II(ClO4)2.6H2O in methanol for an hour at
35 °C.

Yield is ~80%. Elemental Analysis calculated for [C 66H120N6CoCl2O8]·CH3OH:
C, 62.81; H, 9.58; N, 6.66. Found: C, 62.98; H, 9.94; N, 6.69. IR (KBr, cm -1): 2924, 2864
(C-H from long alkyl chain), 3261(N-H), 1615, 1571, 1474 (C=N Pyr) and (C=Caromatic);
1091 (Cl-O from ClO4-); ESI Pos. in MeOH: m/z for [Zn(LPY16)2]2+ =728.6

199

Amphiphilic Behavior of Complex (8) and (9)
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Figure A.6 Pressure versus area isotherms of zinc complexes 8 and 9

Figure A.7 BAM images of zinc complexes 8 and 9
[RuII(LPY16)3](ClO4)2 (10). One equivalent of Ru(DMSO)4Cl2 is treated with three
equivalents of the ligand LPY16 in methanol under dark condition for about 3 hours at
45ºC. The reaction mixture is then cooled to room temperature and about 5 mL of
aqueous saturated NaClO4 to precipitate out a dark red precipitate
precipitate which is filtered and
washed with a plenty of water and dried under vacuum.
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Yield is ~74%. Elemental Analysis calculated for [C 66H120N6RuCl2O8]: C, 61.09;
H, 9.32; N, 6.48. Found: C, 61.15; H, 9.35; N, 6.46. IR (KBr, cm -1): 2922, 2852 (C-H
from long alkyl chain), 3266(N-H), 1609, 1559, 1468 (C=N Pyr) and (C=Caromatic); 1095
(Cl-O from ClO4-); ESI Pos. in MeOH: m/z for {[Ru(LPY16)2]2+}/2 =546.38
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Figure A.8 UV–visible spectra of 1 × 10-4M dichloromethane solution of 10
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Figure A.9 Cyclic voltammogram of 1 × 10-3 M dichloromethane solution of the complex
10 using TBAPF6 as electrolyte, carbon working electrode and Ag/AgCl reference
electrode
[Ni(LtBuA)2] (11). The nickel complex [Ni(LtBuA)2] is synthesized by treating 2
equivalents of the ligand LtBuA in the presence of 2 equivalents of triethylamine with one
equivalents of nickel perchlorate in methanol. The yellow product that precipitated out
was washed with plenty of cold methanol and dried under vacuum.

Yield is ~79%. Elemental Analysis calculated for [C 66H120N2NiO2]: C, 76.79; H,
11.72; N, 2.71. Found: C, 76.85; H, 11.74; N, 2.84. IR (KBr, cm-1): 2960, 2920, 2852 (C-
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H from long alkyl chain and tert-butyl groups), 3263(N-H), 1473 (C=C aromatic); ESI Pos.
in MeOH: m/z for {[Ni(LtBuA)2]+H+}=1031.88.
[Ni(LISQ18 )2] (12). The nickel complex [Ni(LISQ18 )2] is synthesized by treating 2
equivalents of the ligand LISQ18 in the presence of 5 drops of triethylamine with one
equivalents of nickel nitrate in acetonitrile. Dark green needles were obtained on slow
evaporation of the solvent which were washed with plenty of cold acetonitrile and dried
under vacuum overnight.

Yield is ~81%. Elemental Analysis calculated for [C 64H116N2NiO2]: C, 76.54; H,
11.64; N, 2.79. Found: C, 76.69; H, 11.46; N, 2.79. IR (KBr, cm-1): 2961, 2922, 2812 (CH from long alkyl chain and tert-butyl groups), 1532, 1461 (C=C aromatic); ESI Pos. in
MeOH: m/z for {[Ni(LISQ18 )2 ]-H+}=1001.75.
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Figure A.10 UV–visible spectra of 1 × 10-4M dichloromethane solution of 11
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Figure A.11 Cyclic voltammogram of 1 × 10-3 M dichloromethane solution of the
complex 11 using TBAPF6 as electrolyte, carbon working electrode and Ag/AgCl
reference electrode
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Figure A.15 Cyclic voltammogram of 1 ×10-3 M dichloromethane solution of the
complex 12 using TBAPF6 as electrolyte, carbon working electrode and Ag/AgCl
reference electrode
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Figure A.16 Compression isotherm of complex 12

Figure A.17 Compression isotherm of complex 12
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ABSTRACT
SYNTHESIS, REDOX PROPERTIES, AND LANGMUIR MONOLAYER
FORMATION OF SELECTED 3d- AND 4d- METALLOAMPHIPHILES
by
SREE RAMADEVI SHANMUGAM
May 2012
Advisor: Dr. Cláudio N. Verani
Major: Chemistry (Inorganic)
Degree: Doctor of Philosophy
Transition metal-containing amphiphilic compounds integrate various geometric,
electronic, magnetic, and electrochemical properties together with the film forming
properties. These compounds thereby find potential towards the fabrication of responsive
films. This dissertation confers the synthesis and analysis of film forming properties of
various redox-active metalloamphiphiles. The synthesis and characterization a series of
single-tailed copper(II)-containing surfactants of the type [Cu II(LPY18)X2] with varying
coligands (X) was carried out. The complexes [Cu II(LPY18)(OAc)2], [CuII(LPY18)(OBz)2],
[CuII(LPY18)(acac)Br], [CuII(LPY18)(dbm)Br], [CuII(LPY18)(Ox)], and [CuII(LPY18)(1,10phen)Cl]PF6 were synthesized, isolated, and characterized. The redox characteristics
change depending on the nature of the coligands without compromising the amphiphilic
behavior of the complexes. The monodentate coligands (acetate and benzoate) containing
complexes exhibit a quasi-reversible CuII→CuI couple with a potential of about -900 mV
whereas the bidentate coligands such as acetylacetonate, dibenzoyl methanate, and
oxalate offered irreversible multiple processes. The phenanthroline containing complex
exhibited the best reversibility together with excellent cyclability. The Langmuir
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monolayer isotherm indicates that the films of these complexes are stable up to a pressure
of about 45 mN/m. BAM studies showed intricate variations in film topology. The
IRRAS studies on selected complexes indicate the presence of well-packed condensed
monolayer on the surface of the substrate.
Two new azido and thiocyanto bridged copper-based amphiphiles were
synthesized and characterized by infrared, UV-visible, and EPR spectroscopies, mass
spectrometry, cyclic voltammetry, and elemental analysis. The redox studies show that
both these complexes exhibit redox reversibility with only the azido bridged complex
showing good redox cycling of about 50 times with minimal decomposition of less than
30 mV. The UV-visible studies using coordinating solvent suggest that monomer/dimer
equilibria might happen at the air/water interface. The LB studies show that the
monolayer stability is maintained up to a pressure of ca. 49 mN/m when collapse occurs.
The IRRAS spectra suggest high order of the deposited film.
Three octahedral amphiphilic metal complexes of bivalent iron, cobalt, and
ruthenium were also synthesized and characterized. The iron containing complex do not
show good redox behavior however, the cobalt complex shows a quasi-reversible ligand
based process at E1/2 = -1379 mV and the ruthenium complex shows two ligand related
processes at E1/2 = -1609 and -2050 mV and RuII/RuIII couple at 600 mV. All the
complexes reveal excellent film formation properties. The IRRAS studies display the
presence the CH stretching bands at around 2850-2925 cm -1.
A new family of pyridyl- and phenolato-containing amphiphiles such as
[(LPY18I)RuII(bpy)2](PF6)2,

[(LPY18A)RuII(bpy)2](PF6)2,

[(LPhBuI)RuII(bpy)2](PF6),

and

[(LPhClI)RuII(bpy)2](PF6) were also described. The capability of these species as
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precursors for photo-responsive Langmuir-Blodgett films was evaluated. These
complexes are surface active and are strong candidates for the formation of monolayer
films, as characterized by compression isotherms and Brewster angle microscopy.
Relative solubility in water for the ruthenium pyridyl complexes requires the presence of
an aqueous NaCl subphase for proper film formation.
We also report on the synthesis and characterization of various copper and nickel
containing complexes containing phenolate based ligands with varying substitutents. The
redox studies on the nickel complexes reveal quasi-reversible ligand based process and
the copper complexes show good reversibility of the copper(II)-based process. However,
these amphiphilic complexes showed a compromising behavior at the air/water interface
with a maximum collapse pressure of 28 mN/m.
We have also presented the Langmuir-Blodgett film formation studies on various
bimetallic and tetrametallic copper complexes and the effect of changes in the subphase
on the film formation.
We have also reported on the tetrametallic complex [Fe II(FeIIIL2)3](PF6)2 of
discoid topology. To the best of our knowledge, this is the first species in which the
presence of tert-butyl groups concurrently imposes redox activity and surfactancy. This
result points that a modular approach can be used to develop redox-active homo and
heterometallic film precursors of discoid topology.
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